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ABSTRACT 
 
Development of good ionic conducting and high temperature capability of polymer 
electrolytes are being investigated for use in different applications such as batteries, 
electrochromic windows and light emitting devices. Among these, fuel cells are efficient energy 
conversion devices, they generate clean greener energy from the energy dense chemical fuels. 
Polymer electrolyte membrane is the heart of the any fuel cell and it separates the oxidant and 
fuel chambers and provides the medium to conduct protons between anode and the cathode. In 
the last three decades various approaches have been employed in research and development to 
improve the ionic conductivity, chemical and mechanical stability that required for good 
performance and for high energy density fuel cells. In this dissertation explains synthesis and 
characterization of different polymer electrolytes based on polyethylene glycols changing the 
chemical structures and other physical properties to approach for practical applications. 
Chapter 3 of this dissertation describes the synthesis and characterization of comb shape 
polymer electrolyte containing poly(methyl)hydro siloxane (PMHS) backbone and two side 
chains with attached sulfonic acid group at the side chain end in order to study the effects of the 
polymer structure and the terminally attached sulfonic acid group on the hydrogen-ion 
conductivity. We have varied the molar percentage of two different side chains and attached to 
the PMHS backbone by the hydrosilation reaction under inert atmosphere conditions. These 
comb shape polyeletrolytes are soft, viscous materials at room temperature.
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This polyelectrolyte was mixed with MePEG7SO3H acid to investigate the extent of ion 
dissociation from the acid group attached to the polymer. The AC impedance spectroscopy was 
used to measure the anhydrous ionic conductivity. The oligoether side chain provide H+ 
coordination sites and alkyl sulfonic acid contributes H+ ions for the conductivity. Fractional 
Free volume and the ionic conductivity have increased with increasing the percentage of the 
attached sulfonic acid group and it shows maximum ionic conductivity of  (1.20x 10-5 S cm-1) at 
80 °C. In the Walden plot studies, all the conductivity data appeared below the ideal Walden line 
indicating that the sulfonic acid attached to the polymer behaving as a weak acid in the polymer 
with favorable cation anion ion pair formation. 
In the fourth chapter describes the synthesis and characterization of H+ ion conducting 
Polyethylene glycol polymers (MePEGnSiO1.5; n = 3, 7.24, 11.8, 16.3) and their copolymers 
containing bulky groups (isobutyltrimethoxy siloxane -iBuSi and diphenyldimethoxy siloxane-
Ph2Si ) in order to study the effects of added bulky groups on the observed physical properties 
(Tg, FFV and Vf, PEG) and the transport properties (ionic conductivity) of the polymers. All the 
polymers and copolymers were synthesized by sol-gel method. We hypothesized addition of 
bulky comonomers to the MePEGn monomers followed by copolymerization add more free 
volume to the polymer bulk and hence it increased the ionic mobility by the segmental motion 
and polymer molecule rearrangement. AC-Impedance spectroscopy was used to measure ionic 
conductivity and the glass transition temperature measurements performed using Differential 
Scanning Calorimetry (DSC).  
The Fractional Free Volume (FFV) data showed that the copolymerization of the 
MePEGn monomers with bulky groups adds free volume to the polymer, while decreasing the 
volume fraction of PEG (Vf, PEG). This decrease in the Vf, PEG in the bulky copolymers are due to 
iv 
 
the dilution of the PEG by the added bulky groups. That is, they dilute the volume occupied by 
the ionically conductive PEG portion of the polymer. The glass transition temperatures (Tg) were 
measured in the pure MePEGn polymers and copolymers and we observed lower glass transition 
temperature values in copolymers (220-240K) compared to the pure MePEGn polymers (240-
260K). The decrease in Tg resulted from the observed increase in FFV in the copolymer. 
However the ionic conductivity is slightly decreased in the copolymers compared to the pure 
MePEGn polymers (MePEG7 = 4.77x10-6 S cm-1, MePEG7/ iBuSi = 1.7x10-6 S cm-1, MePEG7 / 
Ph2Si = 1.47x10-6 S cm-1 at 0.26 M MePEG7SO3H acid concentration). These results indicate 
that the increase in FFV (and corresponding decrease in Tg) did not result in the expected 
increase in ionic conductivity. Ionic conductivity in our MePEGn Polymers occurs through 
segmental motion of ethylene oxide units (Grotthus mechanism) and appears to be more a 
function of Vf, PEG. 
Chapter five of the dissertation highlights the determination of the acid dissociation 
constant of MePEGnSO3H acids (n= 3, 7, 12, 16) by the pH titration of acid dissolved in the 
binary solvent mixture with the strong base, TBAOH. The hypothesis of the investigation was 
MePEGnSO3H acids are strong acids in the aqueous medium and they show weak acid behavior 
in the MePEGn polymers. In this investigation MePEGnOH used as a model system for the 
MePEGn polymers since they are the starting material in the polymer synthesis. Ionic 
conductivity of the anhydrous PEG acids measured using AC-Impedance spectroscopy and the 
conductivity data shows that increasing ionic conductivity towards the larger acid compared with 
the smaller acids. In the aqueous medium, acid dissociation constant (Ka) increases in the same 
direction along with the trend of the ionic conductivity. However, in PEG medium, didn’t 
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observe a correlation between acid size and the strength of the acid, although they are weakly 
dissociated in the PEGn polymers. 
vi 
 
DEDICATION 
This work is dedicated to my family, friends and all my teachers. 
vii 
 
LIST OF ABBREVIATIONS 
 
ABBREVIATION    DEFINITION  
MeOH    Methanol  
PEM    Polymer electrolyte membrane  
PEMFC     Polymer electrolyte membrane fuel cell  
PEO     Poly(ethylene oxide)  
PEG     Poly(ethylene glycol)  
MePEG     Poly(ethylene glycol) monomethyl ether  
VTF     Vogel-Tamman-Fulcher  
FFV     Fractional free volume  
DSC     Differential Scanning Calorimetry  
MePEG
n
OH    Poly(ethylene glycol) monomethyl ether  
MePEG
n
Br    Methoxy poly(ethylene glycol) bromide  
MePEG
n
SO
3
H    MePEG acid  
THF     Tetrahydrofuran  
Et
2
O     Diethyl ether  
viii 
 
LIST OF SYMBOLS  
SYMBOL     DEFINITION  
S      Siemens  
η      Viscosity  
1/η      Fluidity  
D      Density  
σ      Conductivity  
ρ      Resistivity  
Z      Impedance  
Λ
m      
Molar equivalent conductivity  
v
f      
Free volume  
v
m      
Molecular volume  
v
w      
van der Waals volume  
V
f      
Molar free volume  
V
m      
Molar volume  
V
w      
Molar van der Waals volume  
T
g      
Glass transition temperature  
T
0      
Ideal glass transition temperature  
T
c     
Crystallization temperature 
ix 
 
TABLE OF CONTENTS 
 PAGE  
 
 
ABSTRACT  ..................................................................................................................   ii 
DEDICATION  ..............................................................................................................  vi 
LIST OF ABBREVIATIONS ........................................................................................ vii   
LIST OF SYMBOLS ..................................................................................................... viii 
TABLE OF CONTENTS ...............................................................................................   ix 
LIST OF TABLES  ........................................................................................................   xi 
LIST OF FIGURES .......................................................................................................  xii 
LIST OF SCHEMES...................................................................................................... xvii 
CHAPTER ONE  .........................................................................................................    1
INTRODUCTION .......................................................................................................    1 
1.1. Polymer electrolytes .........................................................................................    1 
1.2. Fuel Cells  .........................................................................................................    3 
1.3. Polymer Electrolyte Membrane Fuel Cell (PEMFC)  ......................................    6 
1.3.1. Solid Oxide Fuel Cell (SOFC)  ................................................................    7 
1.3.2. Alkaline Fuel Cell (AFC) ........................................................................    7 
1.3.3. Phosphoric Acid Fuel Cell (PAFC)  ........................................................    8 
1.3.4. Molten Carbonate Fuel Cell  ....................................................................    9 
1.3. Development of Polymer Electrolytes  .............................................................  12  
1.4. Physical and Thermal Properties of Polymer Electrolytes  ..............................  14 
1.4.1. Ionic Conductivity  ..................................................................................  14 
1.4.2. Fractional Free Volume and Volume Fraction of PEG  ..........................  19 
1.4.3. Viscosity  .................................................................................................  21 
1.4.4. Glass Transition Temperature (Tg)  .........................................................  22 
1.4.5. Walden Rule ............................................................................................  24 
1.5 Acid Dissociation Constant ...............................................................................  26 
CHAPTER TWO  ........................................................................................................  28 
EXPERIMENTAL METHODS  ................................................................................  28 
2.1. Materials  ..........................................................................................................  28 
2.2. Methods ............................................................................................................  29 
2.3. Comb Polymer Synthesis  .................................................................................  31 
2.4. MePEGn Copolymer Synthesis  ........................................................................  40 
2.5. Acid Dissociation Constant of MePEGnSO3H acids  .......................................  49 
 
 
 
 
x 
 
CHAPTER THREE  ....................................................................................................      52 
RESULTS AND DISCUSSION OF SYNTHESIS AND CHARACTERIZATION           
OF COMB POLY(SILOXANE) POLYELECTROLYTE CONTAINING 
OLIGOETHER AND ALKYL SULFONIC ACID SIDE PENDENT GROUPS  .     52    
3.1. Introduction  ......................................................................................................     52 
3.2. Results and Discussion  ....................................................................................     54 
3.3. Conclusions  ......................................................................................................     73 
CHAPTER 4  ................................................................................................................     75 
SYNTHESIS AND CHARACTERIZATION OF PURE MePEGn POLYMERS          
AND THEIR BULKY COPOLYMERS  ...................................................................      75 
4.1. Introduction  ......................................................................................................      75 
4.2. Results and Discussion  ....................................................................................      78 
4.3. Conclusions  ......................................................................................................    102 
CHAPTER FIVE  ........................................................................................................    103 
ACID DISSOCIATION CONSTANT OF MePEGnSO3H ACID IN THE PEGn  
POLYMERS  ................................................................................................................    103 
5.1. Introduction  ......................................................................................................    103 
5.2. Results and Discussion  ....................................................................................    105 
5.3. Conclusions  ......................................................................................................    134 
BIBLIOGRAPHY  .......................................................................................................    135 
VITA .............................................................................................................................    141
xi 
 
LIST OF TABLES 
 
3.1: VTF parameters of the Comb polymers ......................................................................... 63 
3.2: Fractional Free Volume (FFV) and Volume fraction of PEG  
       (Vf, PEG) of Comb polymer ..............................................................................................  70 
4.1: Fractional free Volume and Volume Fraction of PEG in MePEGn polymers and Bulky  
       copolymer .......................................................................................................................  81 
4.2: VTF parameters of the MePEGn polymers and Copolymers in 0.26M and 1.32 M  
       MePEG7SO3H acid concentrations .................................................................................  96 
5.1: Initial pH of the MePEGnSO3H acids and the pH at the equivalence                  
        point of the titration .......................................................................................................118 
5.2: Average pKa and Ka values of the four different MePEGnSO3H acids in pure  
       deionized water ...............................................................................................................119 
5.3: Average pKa and Ka values of the four different MePEGnSO3H acids in binary    
        solvent mixture............................................................................................................... 124
 
 
 
 
 
 
 
 
xii 
 
LIST OF FIGURES 
1.1:  Schematic diagram of PEM fuel cell ............................................................................   6 
1.2:  Four Categories of Polymer Electrolytes ...................................................................... 11 
1.3:  Chemical Structure of Nafion Polyelectrolyte .............................................................. 13 
1.4:  Typical Nyquist plot and a equivalent circuit for a conductivity measurements .......... 17 
1.5:   The Bode Plot representation of magnitude and phase with frequency ....................... 18 
1.6:  Typical DSC Thermogram ............................................................................................ 24 
1.7:  Fractional Walden plot of log (equivalent conductivity) verses log (fluidity)  ............ 27 
3.1:  Mono-comb and Double-comb polysiloxane polymers with ethylene oxide side      
        chains ............................................................................................................................. 54 
3.2: Arrhenius activation plot of ionic conductivity (σ) of different comb polymers with  
        various molar percentages of oligoether and alkyl sulfonic acid side chains   
        dissolved with low concentration of (0.26 M) MePEG7SO3H acid .............................. 58 
3.3:  Arrhenius activation plot of ionic conductivity (σ) of different comb polymers with  
        various molar percentages of oligoether and alkyl sulfonic acid side chains  
        dissolved with high concentration of (1.41 M) MePEG7SO3H acid ............................. 59  
3.4:  Arrhenius activation of ionic conductivity (σ) of the pure comb polymer acids .......... 61 
3.5:  VTF activation plot of ionic conductivity (σ) of pure comb polymers with VTF best  
         fit line shown ................................................................................................................ 63 
3.6:   Ionic conductivity verses H+ ion concentration in pure comb polymer acids  
3.7:  Forsythe plot with FFV: Forsythe plot with fractional free volume for comb polymers  
     
xiii 
 
   at two different temperatures .............................................................................................. 68 
3.8:  Forsythe plot with V f, PEG: Forsythe plot with fractional free volume for comb   
         polymers at two different temperatures with best fit linear line shown. ...................... 69 
3.9:  Walden plot of comb polymers changing the molar percentage between oligoether  
         and alkyl sulfonic acid side chains ............................................................................... 73 
4.1:  Arrhenius activation plot of ionic conductivity of MePEG3 polymer  
         dissolved in MePEG7SO3H acid................................................................................... 83 
4.2:  Arrhenius activation plot of ionic conductivity of MePEG7 polymer dissolved in   
        MePEG7SO3H acid ........................................................................................................ 84 
4.3: Arrhenius activation plot of ionic conductivity of MePEG12 polymer  
       dissolved in MePEG7SO3H acid ..................................................................................... 85 
4.4: Arrhenius activation plot of ionic conductivity of MePEG3 polymer and their  
          copolymers dissolved in 0.26 M MePEG7SO3H acid. ................................................ 86 
4.5: Arrhenius activation plot of ionic conductivity of MePEG7 polymer and their  
          copolymers dissolved in 0.26 M MePEG7SO3H acid ................................................. 87 
4.6: Arrhenius activation plot of ionic conductivity of MePEG12 polymer and their  
        copolymers dissolved in 0.26 M MePEG7SO3H acid ................................................... 88 
4.7: Forsythe plot with volume fraction of PEG for all MePEGn copolymers ..................... 90 
4.8: Forsythe plot with fractional free volume for all MePEGn copolymers  ....................... 91 
4.9:  VTF plot of ionic conductivity of MePEG3 polymer and their copolymers dissolved  
        in 0.26 M MePEG7SO3H acid ....................................................................................... 93 
4.10: VTF plot of ionic conductivity of MePEG7 polymer and their copolymers dissolved 
          in 0.26  M MePEG7SO3H acid .................................................................................... 94 
xiv 
 
4.11: VTF plot of ionic conductivity of MePEG12 polymer and their copolymers  dissolved in    
          0.26 M MePEG7SO3H acid .........................................................................................  95 
4.12: Arrhenius activation plot of the ionic conductivity of MePEG7 polymer and  
          MePEG7/Ph2Si copolymers at 1.32M MePEG7SO3H acid .........................................   97 
4.13: Arrhenius activation plot of the ionic conductivity of MePEG7 polymer and  
          MePEG7/iBuSi copolymers at 1.32 M MePEG7SO3H acid ........................................   98 
4.14: The plot of glass transition temperature (Tg) versus the added mole percentage of  
          Ph2Si bulky monomer .................................................................................................. 100 
4.15: The plot of glass transition temperature (Tg) versus the added mole percentage of 
          iBusi bulky monomer .................................................................................................. 101 
5.1: Activation of fluidity of MePEGnSO3H acids ................................................................ 106 
5.2: Plot of log fluidity versus number of PEG repeating units (n) of MePEGnSO3H 
       acids at 50 °C .................................................................................................................. 107 
5.3: Arrhenius activation plot of ionic conductivity of MePEG7SO3H ................................ 109 
5.4: Arrhenius activation plot of ionic conductivity of MePEG3SO3H ................................ 110 
5.5: Arrhenius activation plot of ionic conductivity of MePEG12SO3H ............................... 111 
5.6: Arrhenius activation plot of ionic conductivity of MePEG16SO3H ............................... 112 
5.7: MePEG3SO3H/TBAOH Titration: pH titration curve of MePEG3SO3H acid in  
        deionized water verses TBAOH base. ........................................................................... 114 
5.8: MePEG7SO3H/TBAOH Titration: pH titration curve of MePEG7SO3H acid in  
        deionized water verses TBAOH base ............................................................................ 115 
5.9: MePEG12SO3H/TBAOH Titration: pH titration curve of MePEG12SO3H acid in  
        deionized water verses TBAOH base ............................................................................ 116 
xv 
 
5.10: MePEG16SO3H/TBAOH Titration: pH titration curve of MePEG16SO3H acid  
          in deionized water verses TBAOH base ...................................................................... 117 
5.11: Titration curve of MePEG3SO3H/TBAOH Titration: pH titration curve  
          MePEG3SO3H acid in binary solvent mixture verses TBAOH base........................... 120 
5.12: Titration curve of MePEG7SO3H/TBAOH Titration: pH titration curve  
          MePEG7SO3H acid in binary solvent mixture verses TBAOH base........................... 121 
5.13: Titration curve of MePEG12SO3H/TBAOH Titration: pH titration curve  
          MePEG12SO3H acid in binary solvent mixture verses TBAOH base ......................... 122 
5.14: Titration curve of MePEG16SO3H/TBAOH Titration: pH titration curve  
          MePEG16SO3H acid in binary solvent mixture verses TBAOH base ......................... 123 
5.15:  pKa of the MePEG3SO3H acid verses the mole fraction of PEGOH .......................... 125 
5.16:  pKa of the MePEG7SO3H acid verses the mole fraction of PEGOH .......................... 126 
5.17:   pKa of the MePEG12SO3H acid verses the mole fraction of PEGOH ....................... 127 
5.18:   pKa of the MePEG16SO3H acid verses the mole fraction of PEGOH ....................... 128 
5.19: Error-bar graph of pKa of the MePEGnSO3H acids dissolved in pure deionized  
           water as a function acid size ....................................................................................... 129 
5.20: Error-bar graph of pKa of the MePEG3SO3H acid as a function of mole  
         fraction of PEGnOH ...................................................................................................... 130 
5.21: Error-bar graph of Pka of the MePEG7SO3H acid as a function of mole  
         fraction of PEGnOH ...................................................................................................... 131 
5.22: Error-bar graph of Pka of the MePEG12SO3H acid as a function of mole  
          raction of PEGnOH ...................................................................................................... 132 
xvi 
 
5.23: Error-bar graph of pKa of the MePEG16SO3H acid as a function of mole  
          fraction of PEGnOH ..................................................................................................... 133 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
xvii 
 
LIST OF SCHEMES 
Scheme 2.1: Synthesis of MePEGn polymers ............................................................. 32 
Scheme 2.2: Synthesis of Comb polysiloxane polymer ............................................. 33 
Scheme 2.3: Synthesis of MePEG7SO3H acid ............................................................ 39 
Scheme 2.4: Synthesis of MePEGn Copolymers ........................................................ 44 
Scheme 3.1: Synthesis of comb polysiloxane polymer .............................................. 54
1 
 
CHAPTER ONE 
INTRODUCTION 
 The goal of this dissertation is to understand the molecular level details of synthesis 
and characterization of new polymer electrolyte materials with high anhydrous ionic 
conductivity, thermal and chemical stability to approach for commercial applications. We 
studied the effect of different physical properties (Free volume-FV, Volume fraction of PEG-Vf, 
PEG, Viscosity) and Thermal properties (Glass transition temperature-Tg) on the H+ ionic 
conductivity at anhydrous conditions.  
 
1.1 Polymer Electrolytes 
 An electrolyte is a substance that conducts free ions. Usually, an electrolyte consists of 
a salt or salts that are dissolved in a liquid or solid medium. However, molten salts are also  
electrolytes. Electrolytes are an integral component in many electrochemical devices such as 
fuel cells, batteries and electrochromic displays. The role of the electrolyte is to provide a 
medium for transporting ions from one electrode to another, while simultaneously functioning as 
an electrical insulator preventing the diffusion of electrons and prevention of diffusion of gases 
in a fuel cell electrolyte membrane. 1, 2, 3, 4, 5 
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Liquid-based electrolytes are typically used as the ion conducting medium in many 
conventional devices. However, there are some disadvantages of liquid electrolytes. Some of the 
liquid electrolytes are caustic, such as potassium hydroxide used in alkaline fuel cells. Some are 
flammable such as alkyl carbonates in Li ion batteries, and leakage of the liquid electrolyte 
decreases the durability of the devices. Also, the vapor pressure of liquid electrolytes can be limit 
their application to lower temperature and high pressure systems. These drawbacks have led to 
the search for solid and polymer electrolytes replacements.6, 7, 8, 9, 10 
 The advantages of solid and semi-solid polymer electrolytes include the ease of 
fabrication into various forms, especially thin films, and the low cost of manufacturing compared 
to other solid electrolytes. Furthermore, the weight and bulk of the devices using polymer 
electrolytes can also be reduced because, unlike liquid electrolytes, robust containment is not 
required. These advantages over liquid electrolytes have motivated intensive research in this area 
in last two decades. The most straightforward applications of polymer electrolytes are in 
batteries, fuel cells, electro-chromic windows and in sensors.11, 12 
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1.2 Fuel Cell 
 Fuel cells are electrochemical devices that generate electricity directly from a 
chemical reaction. Polymer electrolyte membrane (PEM) fuel cells convert the chemical energy 
stored in hydrogen fuel directly and efficiently to electrical energy producing water and heat as 
the only byproducts. Due to the growing concerns on the depletion of petroleum-based energy 
resources and climate changes, fuel cell technologies have received much attention in recent 
years due to their high energy efficiency, convenient operation, and environmentally friendly 
characteristics13, 14, 15. 
 Figure 1.1 shows a schematic diagram of a PEM fuel cell. PEMFCs  consist  of  an  
anode,  cathode,  and  a  H+ conducting  polymer  electrolyte  membrane sandwiched  between  
the  electrodes. In a PEMFC, the  anode  and  cathode  typically  consist  of  a  conductive  
porous  carbon  dispersed  with  platinum catalyst.  The  fuel,  hydrogen,  is  supplied  externally  
at  the  anode  side  where  it is oxidized to produce electrons and H+ ions. The electrons are 
shuttled through an external circuit and can be harnessed as electrical energy. The H+ ions move 
via the PEM to the cathode side along the electrochemical gradient.  At the cathode, oxygen gas 
combines with 4 H+’s and 4 electrons to produce water and heat. Thus, water and heat are the 
only byproducts of the overall fuel cell reaction. The oxidation and reduction reactions at the 
anode and cathode are catalyzed by platinum catalyst 14, 15, 16. 
 Currently, there are thousands of stationary fuel cell systems worldwide generating 
power for a wide variety of industrial and commercial applications, from utilities and hospitals 
to hotels and college campuses. Most major automobile manufacturers have active research and 
development programs in fuel cell technologies, and have a limited number of fuel cell vehicles 
in testing and demonstration. 
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 Unfortunately, fuel cell vehicles still face a variety of obstacles in cost, infrastructure 
and hydrogen storage. The high capital cost for fuel cells is another limiting factor. There are 
five major types of fuel cells have received major efforts of research: (1) polymer electrolyte 
membrane (PEM) fuel cells or PEMFCs (also called PEFCs), (2) solid oxide fuel cells (SOFCs), 
(3) alkaline fuel cells (AFCs), (4) phosphoric acid fuel cells (PAFCs), and (5) molten carbonate 
fuel cells (MCFCs).17, 18 
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Figure 1.1: Schematic diagram of PEM fuel cell 
     
  
 
 
 
 The very first fuel cell was invented in 1839 by Sir William Robert Grove (an 
English lawyer turned scientist), though no practical use was found for another century. The 
General Electric Company (GE) began developing fuel cells in the 1950s and was awarded the 
contract for the NASA-Gemini space mission in 1962. As a result of the fuel cell's features, 
those are quiet, reliable, and clean and produce water as a by-product, NASA developed fuels 
 Anode     :       H2                     2H+ + 2e- 
 Cathode :     1/2 O2 + H+ + 2e-                      H2O 
 Overall   :     1/2 O2 + 2H+ + 2e-            H2O 
 
 ΔG0 = -237 KJ mol-1; E0 = 1.23 V 
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cells as the ideal supply of both power and drinking water for the astronauts. Also, when used in 
electrolysis mode, fuel cells can produce breathable oxygen and hydrogen for rocket fuel.15, 16 
1.2.1 Polymer electrolyte membrane fuel cell (PEFC) 
 Polymer electrolyte membrane (PEM) fuel cells also called proton exchange 
membrane fuel cells deliver high power density and offer the advantages of low weight and 
volume compared with other fuel cells. PEM fuel cells use a solid polymer as an electrolyte and 
porous carbon electrodes containing a platinum or platinum alloy catalyst. They need only 
hydrogen gas and oxygen from the air to operate. They are typically fueled with pure hydrogen 
supplied from storage tanks or reformers. PEM fuel cells operate at relatively low temperatures, 
around 80 °C (176 °F). Low-temperature operation allows them to start quickly (less warm-up 
time) and results in less wear on system components, resulting in better durability. However, it 
requires that a noble-metal catalyst (typically platinum) to separate the hydrogen's electrons and 
protons, adding higher cost to the system. 
 The platinum catalyst is also extremely sensitive to carbon monoxide poisoning, 
making it necessary to employ an additional reactor to reduce carbon monoxide in the fuel gas if 
the hydrogen is derived from a reforming hydrocarbon fuel. This reactor also adds cost. PEM 
fuel cells are used primarily for transportation applications and some stationary applications. 
Due to their fast startup time and favorable power-to-weight ratio, PEM fuel cells are 
particularly suitable for use in passenger vehicles, such as cars and buses.17, 18 
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1.2.2 Solid oxide fuel cell (SOFC) 
 In a solid oxide fuel cell, the electrolytes are solid ceramic materials. The anode and 
cathode are constructed from special inorganic inks that coat the electrolyte. Unlike other types 
of fuel cells, no precious metals, corrosive acids, or molten materials are required. The 
electrochemical reaction converts H2 fuel and O2 into electricity and operates at very high 
temperature. At this high temperature, it is possible to reform hydrocarbon fuel in-situ with 
steam mixing with fuel at the anode. The chemical reaction is very similar to the PEM fuel cell 
except that the reforming reaction produces carbon dioxide. The water gets recycled to produce 
the steam needed to reform the fuel. The exothermic reaction also generates the heat required by 
the fuel cell to maintain its high temperature. As long as there's fuel, air, and heat, the process 
continues producing high efficiency, reliable, affordable energy.13, 17, 18, 19, 20 
1.2.3 Alkaline fuel cell (AFC) 
 Alkaline fuel cells (AFCs) were one of the first fuel cell technologies developed, and 
they were used in the Apollo and space shuttle programs to produce electrical energy and water 
on-board spacecraft. These fuel cells use a solution of potassium hydroxide in water as the 
electrolyte and can use a variety of non-precious metals as a catalyst at the anode and cathode. 
High-temperature AFCs operate at temperatures between 100 °C and 250 °C (212 °F and 482 
°F). However, newer AFC designs operate at lower temperatures of roughly 23 °C to 70 °C (74 
°F to 158 °F). In recent years, novel AFCs that use a polymer membrane as the electrolyte have 
been developed. These fuel cells are closely related to conventional PEM fuel cells, except that 
they use an alkaline membrane instead of an acid membrane. The high performance of AFCs is 
due to the rate at which electro-chemical reactions take place in the fuel cell. They have 
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efficiencies above 60% in space applications. The disadvantage of this fuel cell type is, it is 
easily poisoned by carbon dioxide (CO2) precipitating in the electrolyte as Na2CO3.  In fact, 
even the small amount of CO2 in the air can affect this cell's operation, making it necessary to 
use only pure oxygen instead of air. This purification process is costly. Alkaline membrane cells 
have lower susceptibility to CO2 poisoning than liquid-electrolyte AFCs do, but performance 
still suffers as a result of CO2 that dissolves into the membrane.17, 18 
1.2.4 Phosphoric acid fuel cell (PAFC) 
 Phosphoric acid fuel cells (PAFCs) use liquid phosphoric acid as an electrolyte. The 
acid is contained in a Teflon-bonded silicon carbide matrix and porous carbon electrodes 
containing a platinum catalyst. The PAFC is considered the "first generation" of modern fuel 
cells. It is one of the most matured cell types and the first to be used commercially.  
Phosphoric acid fuel cells are typically used for stationary power generation, but some 
PAFCs have been used to power large vehicles such as city buses. PAFCs are more tolerant of 
impurities in fossil fuels that have been reformed into hydrogen than PEM cells, which are 
easily "poisoned" by carbon monoxide because carbon monoxide binds to the platinum catalyst 
at the anode, decreasing the fuel cell's efficiency. PAFCs are more than 85% efficient when 
used for the co-generation of electricity and heat but they are less efficient at generating 
electricity alone (37% – 42%).  PAFC efficiency is only slightly more than that of combustion-
based power plants, which typically operate at around 33% efficiency. PAFCs are also less 
powerful than other fuel cells, given the same weight and volume. As a result, these fuel cells 
are typically large and heavy. PAFCs are also expensive. They require much higher loadings of 
expensive platinum catalyst than other types of fuel cells do, which raises the cost.17, 18, 21, 22 
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1.2.5 Molten carbonate fuel cell (MCFC) 
 Molten carbonate fuel cells (MCFCs) are currently being developed for natural gas 
and coal-based power plants for electrical utility, industrial, and military applications. MCFCs 
are high-temperature fuel cells that use an electrolyte composed of a molten carbonate salt 
mixture suspended in a porous, chemically inert ceramic lithium aluminum oxide matrix.  
Because they operate at high temperatures of 650 °C (roughly 1,200 °F), non-precious 
metals can be used as catalysts at the anode and cathode, significantly reducing costs. Improved 
efficiency is another reason MCFCs offer significant cost reductions over phosphoric acid fuel 
cells. Molten carbonate fuel cells, when coupled with a turbine to capture waste heat, can reach 
efficiencies approaching 65%, considerably higher than the 37%–42% efficiencies of a 
phosphoric acid fuel cell plant. When the waste heat is captured and used, overall fuel 
efficiencies can be over 85%.  
Unlike alkaline, phosphoric acid, and PEM fuel cells, MCFCs do not require an external 
reformer to convert fuels such as natural gas and biogas to hydrogen. At the high temperatures 
at which MCFCs operate, methane and other light hydrocarbons in natural gas are converted to 
hydrogen within the fuel cell itself by a process called internal reforming, which also reduces 
cost. The primary disadvantage of current MCFC technology is durability. The high 
temperatures at which these cells operate and the corrosive electrolyte used accelerate 
component breakdown and corrosion, decreasing cell life. Scientists are currently exploring 
corrosion-resistant materials for components as well as fuel cell designs that double the cell life 
from the current 40,000 hours (~5 years) without decreasing performance.17, 18, 23, 24, 25 
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Polymer electrolyte membranes can be divide in to four categories according to their internal 
structure and ionic species present.  
 
Figure 1.2: Four Categories of Polymer Electrolytes. Category 1- Salt-polymer complexes, 
Category 2- Gel electrolytes, Category 3- Polymer composites and Category 4- Polyelectrolytes 
 
  Category 1: Salt-polymer systems are solvent free, complexes, first developed by 
Wright in 1973. As an example, Poly(ethylene) oxide dissolved in salts. The main disadvantage 
of PEO: salt systems are their low conductivity, roughly 10-5 S/cm at room temperature. The 
low ionic conductivity of PEO is attributed to its crystallinity because ion conduction only 
occurs in the amorphous phase. 
 Category 2: Systems are gel electrolytes, which are polymers that contain small 
molecule additives. Commonly used additives include cyclic carbonates, esters and sulfones 
which are chosen for their ion solvating ability, low volatility, and relative electrochemical 
stability.  
11 
 
The addition of small molecule additives typically lowers the mechanical strength of a 
polymer electrolyte and hence the term “gel” is used. The role of the additive depends on the 
relative amount that is present in the polymer system. When the additive content is low, it 
functions as a plasticizer to reduce polymer crystallinity and lower the glass transition 
temperature (Tg). This increases the frequency of rearrangement of the polymer chains, which in 
turn promotes ion conduction. 
 Category 3: The additives in the form of inorganic fillers are added to the polymer 
electrolyte to form composites. Typical inorganic fillers used are micro or nanoparticles of 
Al2O3, SiO2, TiO2, and MgO. The addition of inorganic fillers brings many improvements to the 
polymer electrolyte. First, the mechanical properties of the polymer electrolyte are reinforced by 
the inorganic filler. The increase in conductivity is attributed to two reasons. First, the addition 
of inorganic particles suppresses the formation of crystalline phases, thus increasing the volume 
fraction of the amorphous phase. Secondly, cation conduction can potentially occur on the grain 
boundaries of the inorganic particles and this provides a faster alternative ion conduction 
mechanism. 
 Category 4: Systems are single-ion polyelectrolytes. These polymers have 
immobilized anions linked to the polymer chain so that the cation is the only mobile species 
within the polymer matrix. By immobilizing the anion, the ion pair formation is limited and 
hence results high ionic mobility of the cations and finally high ionic conductivity. 
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1.3 Development of Polymer Electrolytes 
 Nafion (a sulfonated fluoropolymer) is the most widely used proton-conducting 
polymer electrolyte because of its mechanical properties, chemical stability, and high proton 
conductivity when hydrated. 5, 26, 27, 28, 29 
 
 
Figure 1.3: Chemical Structure of Nafion Polyelectrolyte 
 
 However, Nafion membranes require hydration, which limits their maximum 
operating temperature to around 100 °C. At these relatively low temperatures, the tolerance of 
the electro-catalyst against CO poisoning is low. Thus, a new electrolyte material is needed for 
fuel cell applications that can operate at high temperatures and low humidity, and thus tolerate 
H2 fuel streams containing some concentration of CO.7, 8, 27, 28, 30 
This research is focused on the synthesis of new polymer electrolyte materials by 
changing the chemical structures and physical properties to gain a fundamental understanding of 
the effects of those changes on the ionic conductivity. Also, improving the ionic conductivity 
and other chemical and mechanical properties required for practical applications.  
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Some common approaches that have been tried by different researchers to improve ionic 
conductivities include increasing the flexibility of the polymer backbones and decreased glass 
transition temperature23, 31.  
The flexibility of the polymer backbones allows for easy and thus rapid reorganization 
of the polymer molecules that is one of the common criteria for conducting ions. Different side 
chains like PEO or PEG have been attached to the polymer backbone for better flexibility of the 
system. These side chains can plasticize the reorganization of the polymers. Good mechanical 
properties and dimensional stability are other factors to be considered for practical applications.  
The use of cross-linkers or high molecular weight polymers has been shown to fulfill this 
criterion. Shriver and co-workers have reported the synthesis of a comb polymer electrolyte 
(figure 1.4) consisting of polysiloxane backbone with PEG4 and that contains flexible lithium 
sulfonate terminated perfluoroether as a side chain and that show room temperature Li+ ionic 
conductivities of 1.2 x 10-6 S cm-1.32 West’s group has improved the mechanical stability of 
their sol-gel polymer by using cross linkers.33  
The free volume of the polymer can be increased by changing the polymer structure 
(non-linear) and introducing some other chemical structures which can enhance the overall free 
volume of the polymer molecules. Swager has shown the change of free volume of the polymer 
by incorporating triptycene subunits to the polymer backbone.34 Rutherford has studied the 
mechanism of transport property in a high free volume polymer.31, 35, 36 30, 37 
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1.4 Physical and Transport Properties of Polymer Electrolytes. 
1.4.1 Ionic Conductivity 
 Ionic conductivity is the ability of ions to passively diffuse or transport through the 
electrolyte medium. Conductivity (σ) is the inverse of the resistivity and is strongly temperature 
dependent. The activation of ionic conductivities can be studied according to the Arrhenius 
equation. However, many polymer electrolytes show some curvature in Arrhenius activation 
plots indicating temperature dependent activation energies and are straight lines with VTF 
equation. Most chemical reactions have Ea that are independent of temperature. That implies the 
ionic conductivity of the polymer electrolytes are couple with the segmental motion of the 
polymer molecules or polymer segments. In the VTF analysis, linear fits indicate ionic 
conductivity is a function of both segmental motions and glass transition temperatures of the 
polymer medium. 
 According to the Stokes-Einstein (eq. 1.1) and Nernst-Einstein (eq. 1.2) equations, 
polymer electrolytes with higher fluidity (low viscosity) will have large diffusion coefficients 
and results higher ionic mobilities resulting high ionic conductivity38, 39. 
 
6phys H
kT
D
Rpiη
=  (Stokes-Einstein equation)   (1.1) 
 Where, Dphys is the diffusion coefficient and is inversely proportional to the viscosity 
(η) of the polymer electrolyte. In the Nernst-Einstein equation, ionic conductivity (σion) is 
directly proportional to the diffusion coefficient (D)39, 40, 41, 42. 
 
2
2 2
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σ + + + − − − = +   (Nernst-Einstein equation) (1.2) 
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 The AC-impedance spectroscopy can be used to measure the ionic conductivity in the 
electrolyte solutions. The resistance is the ability of a circuit element to resist the flow of 
electrical current. Ohm's law defines resistance in terms of the ratio between voltage-V, and 
current-I,   
 
V
R
I
=        
 (1.3) 
 This is a well known relationship and however, its use is limited to only one circuit 
element with the ideal resistor. An ideal resistor has several simplifying properties: 
• It follows Ohm's Law at all current and voltage levels. 
• Its resistance value is independent of frequency. 
• AC current and voltage signals though a resistor is in phase with each other. 
 However, the real world contains equivalent circuit elements that exhibit much more 
complex behavior. These elements replace resistance with impedance, which is a more general 
circuit parameter. Like resistance, impedance is a measure of the ability of a circuit to resist the 
flow of electrical current, but unlike resistance which has only magnitude, impedance possesses 
both magnitude and phase. 
In this method, an AC-potential is applied, and the phase and magnitude of the current 
response are read to determine in phase (Zreal) and out phase (Zim) impedance of the material. 
The response to the applied AC-potential is then plotted with the real impedance (Z’) versus the 
negative of the imaginary impedance (-Z”), and is referred to as a Cole-Cole plot or a Nyquist 
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plot.  Figure 1.4 shows a typical Nyquist plot and a equivalent circuit for conductivity 
measurements43, 44, 45, 46. 
 
 
 
 
Figure 1.4: Typical Nyquist plot and a equivalent circuit for a conductivity measurements. 
 
In the Nyquist plot, the applied AC frequency increases from right to left and at the low 
frequency part there is a skewed semicircle with a right leg coming off at 45° angle to the real 
R = Solution Resistance 
C = Double layer capacitance 
Zw = Frequency dependant impedance –  
        “Warburg” 
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axis and this region referred to as the Warburg region. The diameter of the semicircle 
extrapolated in the Nyquist diagram represents the charge transfer resistance Rt equivalent to the 
polarization resistance (Rp). Thus, the larger the diameter of the semicircle, higher the 
resistance, Rp, and hence, lower the conductivity. 
 Another popular presentation method is the Bode Plot. The impedance is plotted with 
log frequency on the X-axis and both the absolute values of the impedance (|Z|=Z0) and the 
phase-shift on the Y-axis. The Bode Plot for the electric circuit is shown in Figure 1.5. Unlike 
the Nyquist Plot, the Bode Plot does show frequency information. 
 
Figure 1.5: The Bode Plot representation of magnitude and phase with frequency 
 The Bode plot has some distinct advantages over the Nyquist plot. Since frequency 
appears as one of the axes, it is easy to understand from the plot how the impedance depends on 
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the frequency. The plot uses the logarithm of frequency to allow a very wide frequency range to 
be plotted on one graph, but with each decade given equal weight. The Bode plot also shows the 
magnitude (| Z |) on a log axis so that, it can be easily plot wide impedance ranges on the same 
set of axes. This can be an advantage when the impedance depends strongly on the frequency.  
 Conductivity has the units of Siemens per centimeter (S/cm). Another commonly used 
unit is ionic mobility which is the molar equivalent conductivity (Λ- conductivity of a sample 
divided by the concentration of diffusing ion species) and has the units of Siemens centimeter 
squared per mole (S cm2 mol-1).  
 There are two major mechanisms of proton conduction in the polymer electrolytes 
used in this research. One is the vehicle mechanism, which needs a small molecule (vehicle) to 
associate with H+ ions through a strong hydrogen bond. The vehicle-H+ complex then diffuses 
across the conducting material. In this mechanism, the conductivity is dependent on the rate of 
physical diffusion of the vehicle. The second mechanism is the Grotthus mechanism, the H+ is 
handed from one hydrogen bonding site to another across the conducting material. For the 
Grotthus mechanism in water, an H+ is exchanged between water molecules in its vicinity 
resulting in a net movement of H+.7, 8, 47  
 The Li+ ions follow the Grotthus mechanism in PEG polymers through segmental 
motions of the ether units which are dependent on the Tg. Similarly, in PEG, the Grotthus 
mechanism relies on passing the H+ from one PEG ether oxygen to another along the same 
molecule or from one molecule to an adjacent molecule48. 
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1.4.2 Fractional Free Volume (FFV) and Volume Fraction of PEG (Vf, PEG) 
 The free volume of a material is the volume present in the bulk material that is not 
directly occupied by the polymer molecules. According to the free volume theory, the frequency 
of polymer segmental rearrangement increased with increasing FV.  The FFV is calculated 
using equations (1.4 - 1.5) where, molar volume (Vm),  is the observed volume of one mole of 
the polymer  and the van der Waals volume (Vw)  is the volume directly occupied by the 
polymer. 
 
 f m wV =V -V       (1.4) 
 
 m
MW
V =
d
      (1.5) 
 
 The measured density (d) and molecular weight (MW) are used to calculate the molar 
volume (Vm) of the molecule. The van der Waals volume (Vw) is calculated using the Bondi 
group contribution method,49 which sums the contributions to volume from each functional 
group. The fractional free volume results by dividing the molar free volume (Vf) by the molar 
volume (Vm) of the polymer. 
 
 m wf
m m
V -VV
FFV= =
V V
      (1.6)  
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 In addition to FFV, another important physical property is the Volume Fraction of 
PEG (Vf, PEG) in the PEG polymers. The Vf, PEG is the volume of the copolymer that is occupied 
by PEG ether units (i.e.,–CH2CH2O–) and is calculated using Eq.(1.7), where the Vw, PEG is the 
van der Waals volume occupied by the MePEGn component of the polymer, and the Vw is van 
der Waals volume of the whole molecule. 
 
 w,PEGf,PEG
w
V
V =
V
      (1.7) 
  
In order to form H+ conducting electrolytes, the PEGn polymers and copolymers are 
combined with the acid MePEG7SO3H. The FFV and volume fraction of PEG (Vf, PEG) for 
mixtures of the MePEG7SO3H acid and a MePEGn copolymer (i.e., electrolyte mixtures) are 
calculated by multiplying the volume contributions of each component (e.g., MePEG7SO3H 
acid + MePEGn polymer + copolymer) by the mole fractions of those components. The volume 
fraction of PEG in an electrolyte mixture composed of the MePEGnSO3H acid and a MePEGn 
copolymer is calculated using Eq. (1.8)7, 50. 
 
 MePEG,acid MePEG,copolyf,PEG,mixture
acid copoly
V +V
V =
V +V
    (1.8) 
 
 The amounts of MePEG7SO3H acid and of the copolymers are measured 
gravimetrically, thus, absolute volumes are calculated from the measured mass and density of 
each of the components (Eq. 1.9).  
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 acid m,MePEG,acid copoly m,MePEG,copolyf,PEG,mixture
copolyacid
acid copoly
n (V ) + n (V )
V =
mm
+
d d
  
    
   
  (1.9) 
 
1.4.3 Viscosity 
 Viscosity describes the resistance to flow of polymer electrolytes by sheer stress. The 
ionic conductivity of a polymer electrolyte is often dependent on the viscosity of the medium of 
ion conduction. Both ionic conductivity and viscosity in the polymer systems are temperature 
dependent properties and they have temperature dependent activation energies and can be 
explained by Vogel-Tamman-Fulcher (VTF) equation (Eq.1.10). 51, 52 
 
 ( )
-1/2
0
-B
σ=AT exp
T-T
 
 
  
                      (VTF equation)  (1.10) 
 
 Here, A is a constant related to the number of charge carriers present in the polymer 
electrolyte, the constant B is called pseudoactivation energy which is related to the polymer 
segmental mobility. T0 is ideal glass transition temperature and is generally taken as 50 K below 
the conventional glass transition temperature (Tg). The ideal glass transition temperature-T0 can 
be defined as the temperature at which free volume of the polymer is zero and configurational 
entropy of the polymer molecule goes to zero.  
 Doolittle has developed an empirical relationship between viscosity and the fractional 
free volume in his "Doolittle Viscosity Equation" (Eq.1.11).  In this equation "A" is the fluidity 
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extrapolated to zero free volume, and “q" is a measure of the intermolecular forces within a 
liquid.53, 54 
 
1
=Aexp
η
q
FFV
− 
  
  (Doolittle equation)  (1.11) 
 
Cohen and Turnbull combined the Stokes-Einstein equation with the Doolittle equation 
and results Cohen-Turnbull equation (Eq.1.12).54 It gives the relationship between the diffusion 
coefficient and the Fractional Free Volume. It shows that increasing the fractional free volume 
increased the diffusion coefficient of the ions. Forsythe combined the Nernst-Einstein equation 
with the above Cohen-Turnbull equation and it is known as Forsythe equation (Eq.1.13).54 
According to that, the ionic conductivity increased with the fractional free volume. 
 
 D=Aexp
FFV
γ 
−  
      (Cohen and Turnbull equation)    (1.12) 
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RT FFV
γ
σ
  − 
     
         (Forsythe equation) (1.13) 
 
 
1.4.4 Glass Transition Temperature (Tg) 
 The glass transition temperature of the polymer electrolyte is the temperature at 
which the polymer molecule goes from an amorphous rigid state to an amorphous flexible state. 
In the amorphous polymer the solid to liquid transitions occur gradually going through an 
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intermediate "rubbery" state without a phase transformations. Amorphous polymers tend to be 
hard, brittle and glassy at low temperatures. However, at temperature above their Tg, they are 
rubbery.4, 55, 56, 57, 58 
 
Figure 1.6: Typical DSC Thermogram 
 
 
In the polymer electrolytes both ionic mobility and the viscosity strongly depends on the 
polymer chain flexibility, which can be characterized using the glass transition temperature. 
Thus a polymer lower glass transition temperature should results in high ionic conductivity.4 
The thermal behavior of polymers is of considerable technological importance. The knowledge 
of the thermal transitions of the polymer is important in the selection of proper processing and 
Melting 
endotherm 
Crystallization 
exotherm Glass transition 
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fabrication conditions, the characterization of the physical and mechanical properties of a 
material, and hence the determination of appropriate end uses.  
 The glass transition temperature is usually measured using Differential Scanning 
Colorimetry (DSC). It is a thermo analytical technique where the difference of heat required to 
increase the temperature of a sample and a reference is measured as a function of the 
temperature. 
 
1.4.5 Walden Rule 
Angell and coworkers explored qualitative relationship between the ionic conductivity 
and viscosity of the ionic liquids base on Walden rule (1.14) and it is useful for organizing and 
classifying ionic liquids. 
 
  Λη = k   (Walden Rule)  (1.14) 
 
Where, Λ is the molar equivalent conductivity, η is the viscosity and k is a temperature 
dependent constant. Although the classical Walden rule was originally based on the dilute 
aqueous solution studies, the fractional Walden rule is applicable in non aqueous solutions and 
molten salts.59, 60 
  Ληα  =  Constant       (Fractional walden Rule) (1.15) 
 
 The constant α (decoupling constant) is the slope of the line in the Walden plot (Plot 
of the log of molar equivalent conductivity versus the log of fluidity) and it reflects the 
decoupling of ions. The constant α vary between zero and one, α = 1 indicates the ideal 
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behavior of the solution (viscosity is the only force impeding the ionic movements). Also α can 
be interpret as the ratio between activation energies for conductance and viscous flow. The 
dilute aqueous solution of KCl (0.010 M) used as the ideal electrolyte and it generally gives the 
α = 1 (the slope of unity). The data points on the ideal Walden line are good ionic liquids and 
data points below the ideal Walden line for the poor ionic liquid which is suggests that 
ionization or H+ transfer is not complete. 7, 8, 61 
 
Figure 1.7: Fractional Walden plot of log (equivalent conductivity) verses log (fluidity)  
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1.5 Acid Dissociation Constant (Ka) 
 The acid dissociation equilibrium constant is a quantitative measure of acid strength 
in solution. It is the equilibrium constant for dissociation of the acid. In aqueous solution, the 
equilibrium of acid dissociation can be written symbolically as:  
HA + H2O ⇌ A- + H3O+  
Where HA is a generic acid that dissociates into A−, known as the conjugate base of the 
acid, and a hydrogen ion which combines with a water molecule to make a hydronium ion 
(H3O+). All the chemical species HA, A− and H3O+ are in equilibrium when their concentrations 
do not change with time. The dissociation constant is usually written as a quotient of the 
equilibrium concentrations (in mol/L),   
loga apK K= −                                                                       (1.16) 
In most solutions, the concentration of water is taken as a constant and the above 
definition can be simplify as, 
  3
[ ][ ]
[ ]a
A H O
K
HA
− +
=       (1.17) 
 Frequently, the Ka of the acid is expressed by using the pKa. The larger the value of pKa, 
the smaller the extent of dissociation. A weak acid has a pKa value in the approximate range of -
1.74 to 15.74 in water. Acids with a pKa value of less than 0 are said to be strong acids. Strong 
acids dissociate completely in the aqueous solutions while weak acids only partially 
dissociate.62, 63 64, 65, 66, 67 
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 In this research, the pH titration of MePEGnSO3H acids (n = 3, 7, 12, 16) has been 
investigated, in organic solvent (PEGOH) / deionized water binary solvent mixture. This 
method involves the measurement of pKa values of acids by changing the mole fractions of 
binary solvents, PEGOH and deionized water. The measured pKa values then plotted with the 
mole fractions of PEGOH and the data can be used to estimate the acid dissociation in the 100% 
PEGOH medium. Extrapolation of the data to a PEGOH mole fraction of 1 yields an estimated 
pKa in PEG medium. In the similar way the acid dissociation in the aqueous medium also can be 
investigate.68, 69, 70
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CHAPTER 2 
EXPERIMENTAL METHODS 
2.1. Materials 
Polyethylene glycol monomethyl ether (CH
3
(OCH
2
CH
2
)
n
OH = MePEG
n
OH, M
n 
= 164, 
350, 550, 750, n = 3, 7.24, 12.0, 16.3; Aldrich) was dried at 60 ºC under vacuum for 
approximately 24 hours prior to use. This dissertation will refer to tri(ethylene glycol) 
monomethyl ether  MW =164, as MePEG
3
OH, the poly(ethylene glycol) monomethyl ether M
n 
= 
350, as MePEG
7
OH, M
n 
= 550 as MePEG
12
OH, and M
n 
= 750 as MePEG
16
OH. Triethoxysilane 
(Aldrich), diphenyl dimethoxysilane (Ph
2
Si) (Aldrich), isopropyl trimethoxysilane (iBuSi) 
(Aldrich) were used as received. Polymethylhydrosiloxane (CH3(H)SiO)n-PMHS (Fischer), 5-
bromo-1-pentene (Acros), Triethoxysilane (Aldrich), allyl bromide (Acros), and sodium sulfite 
(Fischer) and Karstedt’s catalyst (Platinum(0)-1,3-divinyl-1,1,3,3-tetramethyldisiloxane complex 
solution)  (Aldrich) were all used as received. Amberlite IRA-400(Cl) anion exchange resin 
(Aldrich) and Amberlite IR-120H cation exchange resin (Aldrich) were used as received. 
Sodium hydride (Aldrich) was rinsed thoroughly with hexanes and filtered prior to use to remove 
any mineral oil. Phosphorous Tribromide (Aldrich) diluted to 1.0 M in Et2O prior to use. Dry 
tetrahydrofuran (THF) and diethyl ether (Et
2
O) were purified using Contour Glass Solvent 
Purification and Dispensing System and were handled under an inert atmosphere in schlenk 
flasks.
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2.2. Methods 
The density of the polymers and acid samples were measured gravimetrically by drawing 
the neat liquid sample into a tared 2 μL micropipets which were weighed using an ATI Cahn C-
33 microbalance. Concentrations of neat samples were calculated by dividing density (g/mL) by 
molecular weight (g/mol). The concentration of the MePEGn copolymer/MePEG7SO3H acid 
mixture were calculated using the densities and the molecular weights (eq 2.1). 
 
3
3
( / )
( / )sample
Density g cm mol
Concentration
MW g mol cm
= =    (2.1) 
 Viscosity measurements were performed with a Brookfield DV3 Ultra programmable 
Rheometer using a cone and plate geometry. The CPE-40 spindle was used and viscosity 
measured at three different speeds which were then averaged. The rotational speeds were 
selected to manage the torque in a range between 10-100%. The polymer samples were dried at 
50 °C under vacuum for 12 hours prior to get measurements. 
 NMR measurements were made with either a Bruker AC-300 or Bruker DRX-500 
instrument typically using CDCl3 as a solvent.  
 The MePEGnSO3H acids were acidified and purified using ion exchange columns. 
Amberilite  IR-120H ion exchange resin (1.9 meq/mL) used in the cation (H+) exchange column 
and Amberilite IRA-400(Cl) resin used in the anion (OH-) exchange column. Hydrochloric acid 
(1 M, 300 mL, 300 meq) was run through the column to exchange all the cation sites and the 
washed with deionized water until the pH of the column was near neutral pH. Sodium Hydroxide 
(1 M, 225 mL, 225 meq) was run through the base exchange column and followed by deionized 
water until column gets near neutral pH. 
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AC impedence measurements were made with a PAR 283 potentiostat and Perkin-Elmer 
5210 lock in amplifier using Power sine software. Polymer samples were dried under vacuum at 
55°C until the measured conductivity values did not change (12-24 hrs) prior to use. Dried 
electrolyte solutions of the MePEG7SO3H and MePEGn
 
siloxane polymers were cast onto locally 
constructed electrodes, sealed upright in a jacketed vacuum cell connected to a vacuum pump 
and temperature controlled water circulator.  
The conductivity was determined from the Nyquist plot (Frequency range 100 mHz-100 
kHz) using the diameter of the semicircle. The diameter is equivalent to the bulk resistance by 
equation 2.2, where θ is the cell constant, which is related to the geometry of the cell and is 
determined by calibration with NIST low conductivity standards.  
   
1
diameter
θ
σ
ρ
= =         (2.2) 
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2.3. Comb Polymer Synthesis 
 (i) MePEG7Allyl (MPEG7OCH2CHCH2) 
 First, NaH (2.07 g, 86.3 mmol) were added to air free round bottom flask. Dry 
poly(ethelene glycol) methyl ether (28.67 g, 81.90 mmol) was dissolved in 20 mL dry THF and 
added drop-wise to the THF/NaH  slurry. This mixture was stirred at room temperature under 
Nitrogen for 30 min to complete the deprotonation. Allyl Bromide (10.14 g, 83.8 mmol) was 
dissolved in dry THF (20 mL) and added drop-wise to the reaction mixture. The reaction was 
stirred at room temperature for 5h, followed by the addition of 5 mL of wet acetone to quench 
any unreacted NaH. The NaBr precipitate was removed by filtration and the filtrate was 
extracted with 50 mL of 0.5 M NaCl and 3x 25 mL CHCl3.The organic fraction was dried with 
Na2SO4 and concentrated by rotary evaporation. This yields a clear colorless liquid. (32.55 g, 
83.62 mmol, 102 %). NMR (H1, in CDCl3) δ (ppm) 3.17 (s, 3H), 3.5-3.37 (m, 28H), 3.92 (m, 
2H), 5.12 (dd, 2H), 5.74 (m, 1H). 
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Scheme 2.1: Synthesis of MePEGn polymers 
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(ii) Synthesis of Comb polymer 
(a) Synthesis Comb Polymer PMHS-(PEG)100 (Br)0  
 Poly(methylhydrosiloxane)-(CH3(H)SiO)n (n = 30, 1.0 g, 0.5 mmol), MePEG7 Allyl 
(6.645 g, 15 mmol) were added to air-free Schlenk tube in an inert atmosphere glove box. 
Karstedt's catalyst (20 μL) also added to the schlenk tube. The reaction mixture was heated at 70 
°C in oil bath under Nitrogen for 8 hours. The reaction was followed by 1H-NMR, which showed 
disappearance of alkene protons. The Karstedt's catalyst was removed by filtration with activated 
charcoal in THF in the glove box. THF solvent was removed by rotory evaporation. This product 
was clear, light yellow viscous liquid. Yields 6.4 g (0.47 mmol, 83.7 %), NMR (1H, in CDCl3) δ 
(ppm)  3.17 (s, 3H), 3.5-3.37 (m, 28H), 3.92 (m, 2H), 0.05 (s, 3H), 3.3-3.6 (m, 2H).   
 
Scheme 2.2: Synthesis of Comb polysiloxane polymer 
 
 
 
 
PMHS; y = 30 
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(b) Synthesis of Comb polymer PMHS-(PEG)95 (Br)5  
 Poly(methylhydrosiloxane)-(CH3(H)SiO)n (n = 30, 1.0 g, 0.5 mmol), MePEG7 Allyl 
(5.56 g, 14.63 mmol) and 5-bromo-1-pentene (0.115 g, 0.77 mmol) were added to air-free 
Schlenk tube in an inert atmosphere glove box. Karstedt's catalyst (20 μL) also added to the 
schlenk tube. The reaction mixture was heated at 70 °C in oil bath under Nitrogen for 12 hours. 
The reaction was followed by 1H-NMR, which showed disappearance of alkene protons. The 
Karstedt's catalyst was removed by filtration with activated charcoal in THF in the glove box. 
THF solvent was removed by rotory evaporation. This material yeilds 4.70 g (0.35 mmol, 
70.5%), NMR (1H, in CDCl3) δ (ppm) 0.051(s, 3H), 0.94-0.98(m, 2H), 1.39-1.44(m, 2H), 2.8(s, 
3H), 3.3-3.6 (m, 2H), 3.96-3.98 (m, 2H). 
(c) Synthesis of Comb polymer PMHS-(PEG)90 (Br)10 
 This material is prepared similarity to comb polymer - PMHS-(PEG)95 (Br)5  using 
following amounts. MePEG7 allyl (5.27 g, 13.86 mmol), 5-bromo-1-pentene (0.229 g, 1.53 
mmol), polymethylhydrosiloxane (1.0 g, 0.5 mmol) and Karstedt's catalyst (30 μL). Yeilds 4.51 
g (0.35 mmol, 70 %), NMR (1H, in CDCl3) δ (ppm) 0.051(s, 3H), 0.94-0.98(m, 2H), 1.39-
1.44(m, 2H), 3.17 (s, 3H), 3.3-3.6 (m, 2H), 3.96-3.98 (m, 2H). 
(d) Synthesis of Comb polymer PMHS-(PEG)85 (Br)15 
 This material is prepared similarity to comb polymer - PMHS-(PEG)95 (Br)5 using 
following amounts. MePEG7 allyl (4.97 g, 13.07 mmol), 5-bromo-1-pentene (0.344 g, 2.30 
mmol), polymethylhydrosiloxane (1.0 g, 0.5 mmol) and Karstedt's catalyst (30 μL). Yeilds 5.6 g 
(0.45 mmol, 89.3 %), NMR (1H, in CDCl3) δ (ppm)) 0.032(s, 3H), 0.95-0.98(m, 2H), 1.39-
1.44(m, 2H), 2.8(s, 3H), 3.3-3.6 (m, 2H), 3.96-3.98 (m, 2H). 
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(e) Synthesis of Comb polymer PMHS-(PEG)80 (Br)20 
 This material is prepared similarity to comb polymer - PMHS-(PEG)95 (Br)5 using 
following amounts. MePEG7 allyl (4.68 g, 12.32 mmol), 5-bromo-1-pentene (0.459 g, 3.08 
mmol), polymethylhydrosiloxane (1.0 g, 0.5 mmol) and Karstedt's catalyst (30 μL). Yeilds 5.88 
g (0.48 mmol, 95.7 %), NMR (1H, in CDCl3) δ (ppm) ) 0.051(s, 3H), 0.94-1.00(m, 2H), 1.39-
1.46(m, 2H), 2.8(s, 3H), 3.3-3.6 (m, 2H), 3.96-4.00 (m, 2H). 
(e) Synthesis of Comb polymer PMHS-(PEG)75 (Br)25 
 This material is prepared similarity to comb polymer - PMHS-(PEG)95 (Br)5  using 
following amounts. MePEG7 allyl (4.39 g, 11.55 mmol), 5-bromo-1-pentene (0.574 g, 3.85 
mmol), polymethylhydrosiloxane (1.0 g, 0.5 mmol) and Karstedt's catalyst (30 μL). Yeild 4.28 g 
(0.36 mmol, 71 %), NMR (1H, in CDCl3) δ (ppm) ) 0.045(s, 3H), 0.94-0.99(m, 2H), 1.39-1.44(m, 
2H), 2.7(s, 3H), 3.3-3.6 (m, 2H), 3.96-3.98 (m, 2H). 
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 (iii) Sulfonation of Alkyl bromide on the comb polymer 
 (a) Comb Polymer PMHS-(PEG)95 (SO3H)5 
 Comb polymers prepared (ii-b) were dissolved in ethanol/water (3:1 ratio) and added 
an aqueous solution of sodium sulfite (0.09 g, 7.0 mmol) . The solution mixture was reflux for 24 
hours. The reaction produces NaBr precipitate and the solution and precipitate were separated by 
filteration and any unreacted sodium sulfite and concentrated using rotary evaporation to remove 
ethanol and water. Then the residue was dissolved in CHCl3 (50 mL) and again filtered to 
remove NaBr and Na2SO3. The solution was evaporated at 60 °C and the dissolved again in 
Chloroform and refiltered. This purification steps were carried out three times in order to remove 
as many of the inorganic salts as possible. Then the sample was run through the cation exchange 
columns using deionized water as the solvent. Yield (2.33 g, 0.17 mmol, 50 %) NMR (1H, in 
CDCl3) δ (ppm) 0.057 (s, 3H), 0.94-0.98 (m, 2H), 1.3-1.6 (m, 2H), 3.3-3.6 (m, 2H), 2.80 (s, 3H).  
(b) Comb Polymer PMHS-(PEG)90 (SO3H)10 
 This material is prepared similarity to PMHS-(PEG)95 (SO3H)5  using following 
amounts. Sodium sulfite (0.194 g, 1.53 mmol). Yield (2.48 g, 0.18 mmol, 55 %) NMR (1H, in 
CDCl3) δ (ppm) 0.051 (s, 3H), 0.94-0.98 (m, 2H), 1.4-1.6 (m, 2H), 3.3-3.7 (m, 2H), 2.85 (s, 2H).  
(c) Comb Polymer PMHS-(PEG)85 (SO3H)15 
 This material is prepared similarity to PMHS-(PEG)95 (SO3H)5 using following 
amounts. Sodium sulfite (0.291 g, 2.40 mmol). Yield (2.38 g, 0.18 mmol, 43 %) NMR (1H, in 
CDCl3) δ (ppm) 0.041 (s, 3H), 0.87-0.92 (m, 2H), 1.5-1.6 (m, 2H), 3.3-3.6 (m, 2H), 3.36 (s, 3H). 
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 (d) Comb Polymer PMHS-(PEG)80 (SO3H)20 
 This material is prepared similarity to PMHS-(PEG)95 (SO3H)5  using following 
amounts. Sodium sulfite (0.388 g, 3.00 mmol). Yield (2.31 g, 0.19 mmol, 40 %) NMR (1H, in 
CDCl3) δ (ppm)) 0.023 (s, 3H), 0.86-0.91 (m, 2H), 1.1-1.5 (m, 2H), 3.35-3.7 (m, 2H), 3.36 (s, 
3H).  
(e) Comb Polymer PMHS-(PEG)75 (SO3H)25 
 This material is prepared similarity to PMHS-(PEG)95 (SO3H)5  using following 
amounts. Sodium sulfite (0.485 g, 3.85 mmol). Yield (2.35 g, 0.20 mmol, 55 %) NMR (1H, in 
CDCl3) δ (ppm)) 0.037 (s, 3H), 0.85-0.90 (m, 2H), 1.56-1.6 (m, 2H), 3.3-3.58 (m, 2H), 3.33 (s, 
3H). 
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(iv) Synthesis of MePEG7SO3H acid 
(a) Synthesis of MePEG7Br 
  In an air-free round bottom flask, the solution of PBr3 (1 M, 43.0 mL, 43 mmol) was 
slowly added to the solution of poly(ethylene glycol) monomethyl ether (MePEG7OH, 30.0 g, 
85.7 mmol) in 50 mL of dry diethyl ether. The reaction was stirred overnight at room 
temperature. Then the reaction mixture was poured over 100 g of ice and extracted with 100 mL 
of diethyl ether and 2x 100mL dichloromethane. The mixture was dried with anhydrous Na2SO4 
and concentrated by rotary evaporation. Clear colorless liquid was recovered Yield (31.8 g, 
77.18 mmol). NMR (1H, in CDCl3) δ (ppm) 3.34(s, 3H), 3.57(m, 2H), 3.6(m, 28H), 3.71(t, 2H). 
NMR (13C, in CDCl3), (ppm) 28.00, 58.89, 70.05-70.50, 71.06-71.80. 
(b) Synthesis of MePEG7SO3H acid 
  This material was prepared using our groups previously reported procedure7.  
MePEG7Br (15.00 g, 36.32 mmol) and sodium sulfite (Na2SO3, 9.15 g, 72.6 mmol). Yield: 
MePEG7SO3H acid (12.5 g, 30 mmol, 83.3 %). NMR (1H, in CDCl3) δ (ppm) 3.22(t, 2H), 3.35(s, 
3H), 3.5-3.7(m, 65H), 3.88(t, 2H). The acidity measured was 106%. Neat MePEG7SO3H has a 
density of 1.232 g/mL. 
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Scheme 2.3: Synthesis of MePEG7SO3H acid 
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2.4. MePEGn Copolymer Synthesis 
1. Synthesis of poly(ethylene glycol ) Allyl Methyl Ether 
(a) Preparation of  MePEG3 Allyl (MePEG3OCH2CHCH2) 
 First, NaH (4.60 g, 192 mmol) were added to air free round bottom flask. Dry tri 
(ethelene glycol) methyl ether (MePEG3OH, 30.00 g, 182.9 mmol) was dissolved in 35 mL dry 
THF and added drop-wise to the THF/NaH slurry. This mixture was stirred at room temperature 
under Nitrogen for 30 min to complete the deprotonation. Allyl Bromide (22.57 g, 187 mmol) 
was dissolved in dry THF (10mL) and added drop-wise to the reaction mixture. The reaction was 
stirred at room temperature for 5h, followed by the addition of 5 mL wet acetone to quench any 
unreacted NaH. The NaBr precipitate was removed by filtration and the filtrate was extracted 
with 50 mL of 0.5 M NaCl and 3x 25 mL CHCl3.The organic fraction was dried with Na2SO4 
and concentrated by rotary evaporation. This yield a clear colorless liquid  (32.55 g, 83.62 mmol, 
102%). NMR (H1, in CDCl3) δ (ppm) 3.17 (s, 3H), 3.5-3.37 (m, 28H), 3.92 (m, 2H), 5.12 (dd, 
2H), 5.74 (m, 1H). 
(b) Preparation of  MPEG7. 24 Allyl (MePEG7.24OCH2CHCH2) 
 This material was prepared similarly to MePEG3 allyl with the following amounts. 
NaH (2.07 g, 86.3 mmol), MePEG7.2OH (28.67 g, 81.90 mmol) and allyl bromide (10.14 g, 83.8 
mmol). This yields a clear colorless liquid. (27.5 g, 62 mmol, 96 %). NMR (H1, in CDCl3) δ 
(ppm) 3.34 (s, 3H), 3.5-3.8 (m, 28H), 3.98 (m, 2H), 5.18 (dd, 2H), 5.86 (m, 1H). 
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(c) Preparation of  MPEG12 Allyl (MePEG12OCH2CHCH2) 
 This material was prepared similarly to MePEG3 allyl with the following amounts. 
NaH (1.46 g, 60.8 mmol), MePEG7.2OH  (26.67 g, 48.50 mmol)  and allyl bromide (5.97 g, 49.3 
mmol). This yields a clear colorless liquid. (22.55 g, 35 mmol, 84.5 %). NMR (H1, in CDCl3) δ 
(ppm) 3.37 (s, 3H), 3.5-3.78 (m, 48H), 3.98 (m, 2H), 5.26 (dd, 2H), 5.91 (m, 1H). 
2. Synthesis of Polymer Precursor 
(a) Preparation of Polymer Precursor MePEG3Si(OEt)3 
 Triethoxysilane (SiH(OEt)3, 12.09 g, 73.6 mmol), MePEG3 allyl (15.00 g, 73.5 mmol) 
and karstedt's catalyst (20 μL) were added to the air free schlenk tube. The solution mixture was 
heated to 70 °C in oil bath under nitrogen. NMR analysis after 6 h showed the complete 
disappearance of the alkene protons. Then the reaction mixture was heated under vacuum 
(50mTorr) at 50 °C for 30 min to remove excess SiH(OEt)3. The karstedt's catalyst was removed 
by inert atmosphere filtration with activated charcoal in THF. The THF solvent was removed by 
rotary evaporation, yielding a clear and colorless viscous liquid   (22.20 g, 86.38 mmol, 67.56 
%). NMR (H1, in CDCl3) δ (ppm) 0.65 (m, 2H), 1.20 (m, 9H), 1.55 (m, 2H), 3.35 (s, 3H), 3.39 
(m, 2H), 3.5-3.7 (m, 12H), 3.8 (m, 6H). 
 (b) Preparation of Polymer Precursor MePEG7.2Si(OEt)3 
 This material was prepared similarly to MePEG3Si(OEt)3 with the following amounts. 
Triethoxysilane (SiH(OEt)3, 9.52 g, 58.6 mmol), (1a) (22.45 g, 57.6 mmol) and karstedt's 
catalyst (20 μL). This yields a clear colorless liquid. (16.42 g, 37.2 mmol, 73 %).  
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NMR (H1, in CDCl3) δ (ppm) 0.59 (m, 2H), 1.20 (m, 9H), 1.65 (m, 2H), 3.35 (s, 3H), 3.39 (m, 
2H), 3.5-3.8 (m, 12H), 3.9 (m, 6H). 
(c) Preparation of Polymer Precursor MePEG12Si(OEt)3 
 This material was prepared similarly to MePEG3Si(OEt)3 with the following amounts. 
Triethoxysilane (SiH(OEt)3, 6.36 g, 38.6 mmol), (1a) (22.78 g, 38.6 mmol) and karstedt's 
catalyst (20 μL). This yields a clear colorless liquid. (12.67 g, 19.7 mmol, 55.6 %). NMR (H1, in 
CDCl3) δ (ppm) 0.59 (m, 2H), 1.22 (m, 9H), 1.60 (m, 2H), 3.37 (s, 3H), 3.40 (m, 2H), 3.5-3.6 
(m, 12H), 3.8 (m, 6H). 
 3. Synthesis of Sol-gel Polymer 
(a) Preparation of Sol-Gel Polymer (MePEG3OCH2CH2CH2SiO1.5) 
MePEG3 polymer was prepared using the following procedure. An excess of (six 
equivalents) of acidic water (pH ~ 3, one drop conc. HCl in 100 mL water) was added to 
MePEG3Si(OEt)3 (6.50 g, 18.0 mmol) in a sample vial. The solution was mixed well and was 
allowed to hydrolyze at room temperature for 12 h – 24 h. The excess water and ethanol were 
removed by rotary evaporation and the resulting gel was dried in a vacuum oven at 60C for 24 
hr. The resulted gel was a clear viscous liquid 3a. NMR (H1, in CDCl3) δ (ppm) 0.64 (broad, 
2H), 1.69 (broad, 2H), 3.39 (s, 3H), 3.42 (broad, 2H), 3.5-3.8 (m, 12H). 
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(b) Preparation of Sol-Gel Polymer (MePEG7OCH2CH2CH2SiO1.5) 
MePEG7 sol-gel polymer was prepared using the same procedure (MePEG3 polymer) 
with the following amounts. MePEG7.2Si(OEt)3 (8.00 g, 14.5 mmol). The resulted gel was a clear 
viscous liquid. NMR (H1, in CDCl3) δ (ppm) 0.62 (broad, 2H), 1.62 (broad, 2H), 3.37 (s, 3H), 
3.42 (broad, 2H), 3.5-3.7 (m, 12H). 
(c) Preparation of Sol-Gel Polymer (MePEG12OCH2CH2CH2SiO1.5) 
MePEG12 sol-gel polymer was prepared using the same procedure to MePEG3 polymer 
with the following amounts. MePEG12Si(OEt)3  (8.00 g, 14.5 mmol). The resulted gel was a clear 
viscous liquid. NMR (H1, in CDCl3) δ (ppm) 0.64 (broad, 2H), 1.65 (broad, 2H), 3.39 (s, 3H), 
3.44 (broad, 2H), 3.5-3.8 (m, 12H). 
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4. Synthesis of Copolymers 
 Scheme-2 shows the synthesis of  MePEGn/ isobutyltrimethoxysilane (iBuSi)  and 
MePEGn/ diphenyldimethoxysilane (Ph2Si) copolymers. 
Scheme 2.4: Synthesis of MePEGn Copolymers 
 
 
 
 
 
 
 
 
 
Ph2Si(OMe)2 
iBuSi(OMe)3 
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(a) Preparation of MePEG3 / Ph2Si Copolymer  
The MePEG3 / Ph2Si copolymer was synthesized in a similar manner to the MePEG3 sol-
gel polymer using the following method. MePEG3 monomer (5.00 g, 19.50 mmol) and diphenyl 
dimethoxysiloxane (0.50 g, 2.60 mmol) were mixed in a sample vial. An excess of (six 
equivalents) of acidic water (pH ~ 3, one drop conc. HCl in 100 mL water) was added to the 
monomer mixture  in a sample vial. The solution was mixed well and was allowed to hydrolyzed 
at room temperature for 12 h – 24 h. The excess water and ethanol were removed by rotary 
evaporation and the resulting gel was dried in a vacuum oven at 60 °C for 24 hr. The resulted gel 
was a clear viscous liquid. NMR (H1, in CDCl3) δ (ppm) 0.64 (broad, 2H), 1.69 (broad, 2H), 3.39 
(s, 3H), 3.42 (broad, 2H), 3.5-3.8 (m, 12H), 7.3-7.7 (broad). 
(b) Preparation of MePEG7 / Ph2Si Copolymer  
(i) MePEG7 / 10% Ph2Si Copolymer 
The MePEG7 / Ph2Si copolymer was synthesized using the same procedure 4(a) with the 
following amounts. MePEG3 monomer (2.00 g, 4.51 mmol) and diphenyl dimethoxysiloxane 
(0.088 g, 0.36 mmol). The resulted gel was a clear viscous liquid. NMR (H1, in CDCl3) δ (ppm) 
0.65 (broad, 2H), 1.62 (broad, 2H), 3.39 (s, 3H), 3.42 (broad, 2H), 3.5-3.8 (m, 12H), 7.34 (broad, 
6H), 7.67 (broad, 4H). 
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(ii) MePEG7 / 30% Ph2Si Copolymer 
The MePEG7 / Ph2Si copolymer was synthesized using the same procedure 3a with the 
following amounts. MePEG3 monomer ( 2.00 g, 4.51 mmol) and diphenyl dimethoxysiloxane 
(0.265 g, 1.08 mmol). The resulted gel was a clear viscous liquid. NMR (H1, in CDCl3) δ (ppm) 
0.65 (broad, 2H), 1.62 (broad, 2H), 3.39 (s, 3H), 3.42 (broad, 2H), 3.5-3.8 (m, 12H), 7.34 (broad, 
6H), 7.67 (broad, 4H). 
(iii) MePEG7 / 50% Ph2Si Copolymer 
The MePEG7 / Ph2Si copolymer was synthesized using the same procedure 3a with the 
following amounts. MePEG3 monomer (4.22 g, 7.62 mmol) and diphenyl dimethoxysiloxane 
(0.46 g, 1.88 mmol). The resulted gel was a clear viscous liquid. NMR (H1, in CDCl3) δ (ppm) 
0.65 (broad, 2H), 1.62 (broad, 2H), 3.39 (s, 3H), 3.42 (broad, 2H), 3.5-3.8 (m, 12H), 7.34 (broad, 
6H), 7.67 (broad, 4H). 
(c) Preparation of MePEG12 / Ph2Si Copolymer  
The MePEG12 / Ph2Si copolymer was synthesized using the same procedure 3a with the 
following amounts. MePEG3 monomer (2.51 g, 3.33 mmol) and diphenyl dimethoxysiloxane 
(0.25 g, 1.05 mmol). The resulted gel was a clear viscous liquid. NMR (H1, in CDCl3) δ (ppm) 
0.65 (broad, 2H), 1.63 (broad, 2H), 3.35 (s, 3H), 3.40 (broad, 2H), 3.5-3.8 (m, 12H), 7.34 (broad, 
6H), 7.67 (broad, 4H). 
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(d) Preparation of MePEG3 / iBuSi Copolymer  
The MePEG12 / iBuSi copolymer was synthesized using the same procedure 3a with the 
following amounts. MePEG3 monomer (5.272 g, 20.51 mmol) and isobutyl trimethoxysiloxane 
(0.55 g, 20.50 mmol). The resulted gel was a clear viscous liquid. NMR (H1, in CDCl3) δ (ppm) 
0.64 (broad, 2H), 1.69 (broad, 2H), 3.39 (s, 3H), 3.42 (broad, 2H), 3.5-3.8 (m, 12H), 0.62 
(broad, 2H), 0.96 (broad, 6H), 1.88 (broad, 1H). 
 
(e) Preparation of MePEG7 / iBuSi Copolymer  
(i) MePEG7 / 10% iBuSi Copolymer 
The MePEG7 / iBuSi copolymer was synthesized using the same procedure 3a with the 
following amounts. MePEG3 monomer ( 2.00 g, 4.51 mmol) and isobutyl trimethoxysiloxane 
(0.064 g, 0.36 mmol). The resulted gel was a clear viscous liquid. NMR (H1, in CDCl3) δ (ppm) 
0.63 (broad, 2H), 1.62 (broad, 2H), 3.38 (s, 3H), 3.42 (broad, 2H), 3.5-3.8 (m, 12H), 0.62 
(broad, 2H), 0.96 (broad, 6H), 1.88 (broad, 1H). 
(ii) MePEG7 / 30% iBuSi Copolymer 
The MePEG7 / iBuSi copolymer was synthesized using the same procedure 3a with the 
following amounts. MePEG3 monomer ( 2.00 g, 4.51 mmol) and isobutyl trimethoxysiloxane 
(0.193 g, 1.08 mmol). The resulted gel was a clear viscous liquid. NMR (H1, in CDCl3) δ (ppm) 
0.63 (broad, 2H), 1.62 (broad, 2H), 3.38 (s, 3H), 3.42 (broad, 2H), 3.5-3.8 (m, 12H), 0.62 
(broad, 2H), 0.96 (broad, 6H), 1.88 (broad, 1H). 
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(iii) MePEG7 / 50% iBuSi Copolymer 
The MePEG7 / iBuSi copolymer was synthesized using the same procedure 3a with the 
following amounts. MePEG3 monomer (4.0 g, 7.22 mmol) and isobutyl trimethoxysiloxane 
(0.40 g, 2.25 mmol). The resulted gel was a clear viscous liquid. NMR (H1, in CDCl3) δ (ppm) 
0.63 (broad, 2H), 1.62 (broad, 2H), 3.38 (s, 3H), 3.42 (broad, 2H), 3.5-3.8 (m, 12H), 0.62 
(broad, 2H), 0.96 (broad, 6H), 1.88 (broad, 1H). 
 
(f) Preparation of MePEG12 / iBuSi Copolymer  
The MePEG12 / iBuSi copolymer was synthesized using the same procedure 3a with the 
following amounts. MePEG3 monomer (2.50 g, 3.33 mmol) and isobutyl trimethoxysiloxane 
(0.25 g, 1.43 mmol). The resulted gel was a clear viscous liquid. NMR (H1, in CDCl3) δ (ppm) 
0.65 (broad, 2H), 1.66 (broad, 2H), 3.38 (s, 3H), 3.44 (broad, 2H), 3.5-3.8 (m, 12H), 0.62 
(broad, 2H), 0.97 (broad, 6H), 1.88 (broad, 1H). 
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2.5. Acid Dissociation Constant of MePEGnSO3H acids 
(i) Synthesis of MePEG3SO3H Acid 
(a) Synthesis of MePEG3Br 
 In an air-free round bottom flask, PBr3 (43.0 mL, 43 mmol) was slowly added to the 
solution of poly(ethylene glycol) monomethyl ether (MePEG7OH, 30.0 g, 85.7 mmol) in 50 mL 
of dry diethyl ether. The reaction was stirred overnight at room temperature. Then the reaction 
mixture was poured over 100 g of ice and extracted with 100 mL of diethyl ether and 2x 100mL 
dichloromethane. The mixture was dried with (Na)2SO4 and concentrated by rotary evaporation. 
Clear colorless liquid was recovered Yield (31.8 g, 77.18 mmol). NMR (1H, in CDCl3) δ (ppm) 
3.34 (s, 3H), 3.57 (m, 2H), 3.6 (m, 28H), 3.71 (t, 2H). NMR (13C, in CDCl3), (ppm) 28.00,  
58.89, 70.05 - 70.50,  71.06 - 71.80. 
(b) Synthesis of MePEG3SO3H acid 
  This material was prepared using the same procedure as reported previously and 
following materials were used. MePEG7Br (15.00 g, 36.32 mmol) and sodium sulfite (Na2SO3, 
9.15 g, 72.6 mmol). Yield: MePEG7SO3H acid (12.5 g, 30 mmol, 83.3 %). NMR (1H, in CDCl3) 
δ (ppm) 3.22 (t, 2H), 3.35 (s, 3H), 3.5 - 3.7 (m, 65H), 3.88 (t, 2H). The acidity measured was 
106%. Neat MePEG7SO3H has a density of 1.232 g / mL. 
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(ii) Synthesis of MePEG7SO3H Acid 
(a) Synthesis of MePEG7Br 
This material is prepared similarity to MePEG3Br synthesis using following amounts. 
Sodium sulfite (0.485 g, 3.85 mmol). Yield (2.35 g, 0.20 mmol, 55 %) NMR (1H,  in CDCl3) δ 
(ppm) ) 0.037 (s, 3H), 0.85-0.90 (m, 2H), 1.56-1.6 (m, 2H), 3.3-3.58 (m, 2H), 3.33 (s, 3H). 
(b) Synthesis of MePEG7SO3H acid 
This material is prepared similarity to MePEG3SO3H synthesis using following amounts. 
Sodium sulfite (0.485 g, 3.85 mmol). Yield (2.35 g, 0.20 mmol, 55 % ) NMR (1H,  in CDCl3) δ 
(ppm) ) 0.037 (s, 3H), 0.85-0.90 (m, 2H), 1.56-1.6 (m, 2H), 3.3-3.58 (m, 2H), 3.33 (s, 3H). 
(iii) Synthesis of MePEG12SO3H Acid 
(a) Synthesis of MePEG12BrThis material is prepared similarity to MePEG3Br synthesis 
synthesis using following amounts. Sodium sulfite (0.485 g, 3.85 mmol). Yield (2.35 g, 
0.20 mmol, 55 % ) NMR (1H,  in CDCl3) δ (ppm) ) 0.037 (s, 3H), 0.85-0.90 (m, 2H), 
1.56-1.6 (m, 2H), 3.3-3.58 (m, 2H), 3.33 (s, 3H). 
(b) Synthesis of MePEG12SO3H acid 
This material is prepared similarity to MePEG3SO3H synthesis using following amounts. 
Sodium sulfite (0.485 g, 3.85 mmol). Yield (2.35 g, 0.20 mmol, 55 % ) NMR (1H,  in CDCl3) δ 
(ppm) ) 0.037 (s, 3H), 0.85-0.90 (m, 2H), 1.56-1.6 (m, 2H), 3.3-3.58 (m, 2H), 3.33 (s, 3H). 
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(iv) Synthesis of MePEG16SO3H Acid 
(a) Synthesis of MePEG16Br 
This material is prepared similarity to MePEG3Br synthesis using following amounts. 
Sodium sulfite (0.485 g, 3.85 mmol). Yield (2.35 g, 0.20 mmol, 55 % ) NMR (1H,  in CDCl3) δ 
(ppm) ) 0.037 (s, 3H), 0.85-0.90 (m, 2H), 1.56-1.6 (m, 2H), 3.3-3.58 (m, 2H), 3.33 (s, 3H). 
(b) Synthesis of MePEG16SO3H acid 
This material is prepared similarity to MePEG3SO3H synthesis using following amounts. 
Sodium sulfite (0.485 g, 3.85 mmol). Yield (2.35 g, 0.20 mmol, 55 % ) NMR (1H,  in CDCl3) δ 
(ppm) ) 0.037 (s, 3H), 0.85-0.90 (m, 2H), 1.56-1.6 (m, 2H), 3.3-3.58 (m, 2H), 3.33 (s, 3H). 
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CHAPTER 3 
RESULTS AND DISCUSSION OF SYNTHESIS AND CHARACTERIZATION OF 
COMB POLY(SILOXANE) POLYELECTROLYTE CONTAINING OLIGOETHER 
AND ALKYL SULFONIC ACID SIDE PENDENT GROUPS 
 This chapter of the dissertation explains the synthesis and characterization of comb 
polysiloxane polymer electrolyte and how the attached sulfonic acid side pendant group affects 
the ionic conductivity. We varied the molar percentage of two different side chains and attached 
to the PMHS backbone by the hydrosilation reaction under inert atmosphere conditions. 
3.1. Introduction  
 Polysiloxanes are used as polymer electrolytes because of their highly flexible 
backbones of [Si-O]n units that have low bond rotation energy of only 0.8 KJ mol-1, high free 
volume and low glass transition temperatures which can yield facile ion transport.12, 71 
 In addition, siloxanes can support functional side chains through attachment by covalent 
bond formation. Smid and coworkers have investigated different types of polysiloxane polymers 
having oligoethylene oxide substituent as side chains. However, they all are mono comb 
polymers, hanging one methyl group and oligoether group on each silicon.71 These polymer 
electrolytes typically have low ionic conductivity at room temperature 6, 9, 16, 63, 64, 65, 66, 67, 68, 69, 70.  
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Figure 3.1: Mono-comb and Double-comb polysiloxane polymers with ethylene oxide side      
                    chains72 
 
Shriver and coworkers have synthesized double comb polysiloxane polymer electrolytes 
having oligoether and perfluoroether side chains that showed up to ~10-6 S cm-1 Li+ ionic 
conductivity at room temperature.32 Hooper and coworkers have synthesized similar 
bifunctionalized polysiloxane polymer electrolytes doped with lithium 
bis((trifloromethyl)sulfonyl) imide that showed 4.54x 10-4 S cm-1 Li+ ionic conductivity at room 
temperature.9, 10, 71, 73 
 In this study, Polymethylhydrosiloxane (PMHS) is functionalized with oligoether and 
sulfonic acid terminated alkyl side chains by platinum catalyzed hydrosilation reaction. This 
approach is similar to methods used by Hooper et al72, Allock et al74, and Siska and Shriver46 to 
prepare lithium conducting polymers. In theoretical studies Li+ cation mobility in 
polyelectrolytes is significantly hindered by ion pairing between the mobile Li+ cations and 
immobile anions. Yeh et al. have introduced bulky non-nucleophilic anions in to the 
polysiloxane polyelectrolyte to decrease ion pairing and they obtained high sodium and 
potassium ion conductivities. However, their Li+ ionic conductivity was two orders of magnitude 
lower at room temperature.32 In the current work, we attached a terminal sulfonic acid group to 
the end of the pendant allyl groups expected to decrease ion pairing by decreasing long distance 
mobility of fixed anion and thereby to increase the ionic conductivity.  
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3.2. Results and Discussion 
The series of comb polysiloxane polyelectrolyte's were synthesized from 
polymethylhydrosiloxane (PMHS) as the polymer backbone using the hydrosilation reaction 
catalyzed by Karstedt's catalyst [Platinum (0)-1, 3-divinyl-1,1,3,3-tetramethyldivinyldisiloxane]. 
The two side pendent groups of oligoether (MePEG7OCH2CH2CH2) and 5-bromo-1-pentene 
groups were attached to the PMHS backbone through the Si-H bond. The resulted comb polymer 
with bromide functionalized side pendant group then reacted with Na2SO3 for 12 hours in order 
to form comb polymer acid. In the synthesis of comb polymer acid, molar percentages were 
varied between two side chains of oligoether:sulfonic acid to alter the hydrogen ion to ether 
oxygen (H+:EO) ratio. The hydrosilation reaction occurred relatively quickly with good yields at 
70 °C. The extent of hydrosilation was monitored by 1H-NMR spectroscopy by monitoring the 
dissapearence of allyl protons and Si-H peak. The ratio between the side chains and the length of 
the oligoether chain were selected to achieve the amorphous phase throughout the temperature 
range studied.32  
Scheme 3.1: Synthesis of comb polysiloxane polymer 
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In addition, MePEG7SO3H acid was added to the polymer electrolyte as an external H+ 
source to compare the extent of the acid dissociation by the pendant sulfonic acid. The 
MePEGnSO3H acids was prepared by halogenations or bromination of the MePEGnOH alcohol 
starting material followed by reaction with sodium sulfite (Na2SO3) in ethanol and water to form 
sulfonic acid functionalized MePEGnSO3H acid. MePEGnBr is more reactive toward the sodium 
sulfite completing the sulfonation in less than 12 hours. 
 Sulfonic acid is a strong acid in water, thus we expect here, higher concentration of H+ 
charge carriers from the self dissociation of the attached acid groups. In the polymer electrolytes, 
both viscosity and the ionic mobility depend on the flexibility of the polymer chain which is 
characterized by the glass transition temperature (Tg). The highly flexible PMHS polymer 
backbone and with attached side pendent groups should increase the fractional free volume, 
lower the glass transition temperature and as a result of that increasing the frequency of 
segmental motion of the polymer. Increasing the frequency of the polymer segmental motion 
should increased the mobility of the H+ charge carriers. The observed ionic conductivity is a 
product of ionic mobility and the ion concentration.  
Therefore, we hypothesized that increasing the number of charge carriers by adding 
pendant sulfonic acid and increasing ionic mobility by increasing the frequency of polymer 
segmental motion will result in increased H+ ionic conductivity at room temperature. Anhydrous 
ionic conductivity was measured using AC-impedance spectroscopy and the polymer samples 
were dried under vacuum at 50 °C for 12 hours before making thin films on the platinum 
electrodes as discussed in chapter 2.2. 
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   Figure 3.1 and 3.2 show Arrhenius activation plots for ionic conductivity of four 
different comb polymers with different oligoether : sulfonic acid ratios at two different 
concentrations (0.26 M and 1.41 M) of added MePEG7SO3H acid. The H+ ionic conductivity of 
the comb polymer containing 100% PEG side chains was 5.00 x 10-7 S cm-1 in 1.41 M added 
MePEG7SO3H acid at room temperature. The MePEG7SO3H acid acts as H+ ion source in the 
100% PEG polymer forming a polymer-electrolyte. The comb polymer acid shows maximum H+ 
ionic conductivity of 1.71 x 10-5 S cm-1 in PMHS-(PEG)75%(SO3H)25% polymer at 80 °C and 
which is two orders of magnitude larger than for the 100% PEG polymer dissolved in 
MePEG7SO3H acid.  
 In previous studies of the comb shape polymer electrolytes, ionic conductivities of 10-6 S 
cm-1 and 10-7 S cm-1 have reported for cesium and lithium in solvent free polysiloxane 
polyelectrolytes. Hardy, Shriver and their coworkers have synthesized solvent free comb 
polyelectrolytes with Li+ ionic conductivity of 10-5 S cm-1 46. 
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Figure 3.2: Arrhenius activation plot of ionic conductivity (σ) of different comb polymers with  
                    various molar percentages of oligoether and alkyl sulfonic acid side chains   
                    dissolved with low concentration of (0.26 M) MePEG7SO3H acid. (○) PMHS- 
                    (PEG)100% (SO3H)0%, (○) PMHS-(PEG)95% (SO3H)5%, (Δ) PMHS-(PEG)90%   
                           (SO3H)10%, (□) PMHS-(PEG)85% (SO3H)15%, (Δ) PMHS-(PEG)80% (SO3H)20%, (□)  
                     PMHS-(PEG)75% (SO3H)25%. 
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Figure 3.3: Arrhenius activation plot of ionic conductivity (σ) of different comb polymers with  
                    various molar percentages of oligoether and alkyl sulfonic acid side chains  
                    dissolved with high concentration of (1.41 M) MePEG7SO3H acid. (○) PMHS- 
                    (PEG)100% (SO3H)0%, (■) PMHS-(PEG)95% (SO3H)5%, (■) PMHS-(PEG)90%  
                           (SO3H)10%, (■) PMHS-(PEG)85% (SO3H)15%, (▲) PMHS-(PEG)80% (SO3H)20%, (●)  
                     PMHS-(PEG)75% (SO3H)25%. 
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Figure 3.3 is the Arrhenius activation plot of ionic conductivity of comb polymer acids 
varying the mole percentage of sulfonic acid. According to the results, the H+ ionic conductivity 
has increased significantly as the percentage of sulfonic acid terminated alkyl side chain 
increased. This is due to the higher concentration of the H+ charge carriers by the self 
dissociation of the sulfonic acid attached to the polymer. The resulted sulfonate anion, conjugate 
base, which does not have much ionic mobility can act as a Lewis base to provide H+ 
coordination sites in addition to the ethylene oxide repeating units on the oligoether side chain. 
According to the Nernst–Einstein equation, ionic conductivity is directly proportional to the 
charge carrier concentration (H+ in this polymer). Therefore, higher H+ ionic conductivity 
indicating that high concentration of charge carriers in the polymer with increasing the mole 
percentage of sulfonic acid.  
In the Arrhenius plot, curvature in the figures implies that H+ ionic conductivities are 
temperature dependent having temperature dependant activation barriers. Thus, ionic 
conductivity is strongly coupled with the segmental motion and they can be explained with 
Vogel- Fulcher- Tammann (VTF) description of the conductivity. 
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Figure 3.4: Arrhenius activation of ionic conductivity (σ) of the pure comb polymer acids.  (●)   
                     PMHS-(PEG)75% (SO3H)25%, (■) PMHS-(PEG)80% (SO3H)20% (▲) PMHS-(PEG)85%  
                            (SO3H)15%, (●) PMHS-(PEG)90% (SO3H)10%, (■) PMHS-(PEG)95% (SO3H)5%. 
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  Polymer samples can be fit to the empirical VTF equation (Eq.3.1), indicating that has 
temperature dependant activation energy and is likely coupled with both segmental motion of the 
polymer and the glass transition temperature. 
 ( )
-1/2
0
-
  exp
-
B
AT
T T
σ
 
=  
  
     (3.1) 
 Here, A is a constant related to the concentration of charge carriers present in the 
polymer electrolyte, constant B is called pseudoactivation energy which is related to the polymer 
segmental mobility and is related to the activation energy required for ion transport associate 
with the configurational entropy of the polymers. T0 is the ideal glass transition temperature 
(zero mobility temperature) and it can be defined as the temperature at which the free volume of 
the polymer is zero and the configurational entropy of the polymer also goes to zero75. According 
to the previous studies T0 was defined as 50 K below the glass transition temperature (Tg) and it 
was a empirical rule for broad range of polymer electrolytes75. In this study all the VTF 
parameters (σ0, B, T0) were determined by the least square fitting of the ionic conductivities. 
According to the VTF equation, figure 3.4 plots the log of (σT1/2) versus (T-T0)-1 gives linear 
relationship for all the comb polymer samples.  Calculated VTF parameters are tabulated in the 
table 3.1.  
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Figure 3.5: VTF activation plot of ionic conductivity (σ) of pure comb polymers with VTF best  
                     fit line shown. (●) PMHS-(PEG)75% (SO3H)25%, (■) PMHS-(PEG)80% (SO3H)20%   
                     (▲) PMHS-(PEG)85% (SO3H)15%, (●) PMHS-(PEG)90% (SO3H)10%, (■) PMHS- 
                     (PEG)95%  (SO3H)5% . 
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Table 3.1: VTF parameters of the comb polymers  
Polymer σ ( S/cm )  
at 30 °C 
σ (S/cm) 
 at 80 °C 
Tg (K) T0 (K) A B (K) 
PMHS-(PEG)95% (SO3H)5% 1.45 x 10-6 3.85 x 10-6 204 154 -2.76 272 
PMHS-(PEG)90% (SO3H)10% 1.84 x 10-6 7.57 x 10-6 206 156 -2.74 332 
PMHS-(PEG)85% (SO3H)15% 3.56 x 10-6 7.78 x 10-6 206 156 -2.67 225 
PMHS-(PEG)80% (SO3H)20% 4.82 x 10-6 1.16 x 10-5 207 157 -2.39 246 
PMHS-(PEG)75% (SO3H)25% 5.58 x 10-6 1.71 x 10-5 208 158 -1.89 307 
 
 Pre exponential factor “A” has increased with the molar percentage of the sulfonic 
acid attached to the comb polymer. That indicating higher [H+] with increasing the SO3H% as we 
expected in our assumption. We didn’t expect a change in pseudoactivation enery since only the 
mole percentage is the varying parameter in above five different comb polymer acids.  However, 
“B” values in these acids are range between 325 K- 332 K. Figure 3.4 shows the relationship 
between H+ ion concentration of the comb polymer acids with ionic conductivity (σ). 
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Figure 3.6: Ionic conductivity verses H+ ion concentration in pure comb polymer acids  
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 The Free volume present in a material is the observed volume in a bulk material that is 
not directly occupied by the polymer molecules. According to the free volume theory, the 
frequency of polymer molecules rearrange during the segmental motion increased with the 
growth of FV. 7, 8, 34 
Fractional free volume calculated using the following equations.  
   -  f m wV V V=       
 (3.2) 
 
m
MW
V
d
=         
(3.3) 
 Where, the Molar volume (Vm)  is the volume of one mole of the polymer  and the van 
der Waals volume (Vw)  is the volume that is one mole of the polymer actually occupied.  
The observed molar volume (Vm) is calculated using the measured density (d) and 
molecular weight (MW) of the polymer. The van der Waals volume (Vw) was calculated using 
the Bondi group contribution method, which sums the contributions to volume from each 
functional group. The fractional free volume (FFV) is calculated by dividing the molar free 
volume (Vf) by the molar volume (Vm) of the polymer (Eq: 3.4), and the results are summarized 
in table 3.2. 
 
-f m w
m m
V V V
FFV
V V
= =      (3.4)  
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 The Vf, PEG is another important transport property of the polymer electrolytes and is 
the volume of the copolymer that is occupied by PEG ether units (i.e.,CH2CH2O–) and is 
calculated using Eq.(3.5) , where the Vw, PEG is the van der Waals volume occupied by the 
MePEGn component of the polymer, and the Vw is van der waals volume of the whole molecule. 
 , , 
w PEG
f PEG
w
V
V
V
=       (3.5) 
Vf, PEG is important parameter in predicting the H+ ion mobility through segmental motion 
in our MePEGn polymers, because of that Lewis basic PEG unit were responsible for H+ ion 
transport in the polymer. 
Forsythe’s equation (eq.3.6) gives a correlation between ionic conductivity and the 
fractional free volume in the polymer electrolytes and it predicts that an increase in fractional 
free volume should increase the conductivity. Figures 3.6 and 3.7 are Forsythe plots correlating 
ionic conductivity with fractional free volume and with volume fraction of PEG for all the 
copolymers at 30 °C and 80 °C. 
 
2 2
exp
ACF Z
RT FFV
γ
σ
  − 
=      
  Forsythe eq.  
 (3.6) 
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Figure 3.7: Forsythe plot with FFV: Forsythe plot with fractional free volume for comb polymers  
                   at two different temperatures with best fit linear line shown. y = -1.2911x – 1.7333, R
2 
=  
                   0.9911, p-value = 0.0010. 
At 80 °C 
At 30 °C 
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Figure 3.8:  Forsythe plot with V f, PEG: Forsythe plot with fractional free volume for comb   
                      polymers  at two different temperatures with best fit linear line shown. y = 4.2078x –   
                      10.8828, R
2 
= 0.9653, p-value = 0.0077. 
 
Fractional free volume data shows that higher the ratio of sulfonate to PEG, that has 
increased the FFV. This may be due to the increase in the disorder due to the local mobility of 
the covalently attached sulfonic acid group. As a result of that all comb polymers observed low 
glass transition temperature with increasing the above ratio as expected. However the H+ ionic 
conductivity has limited to 10-5 S cm-1 in our comb polysiloxane polymer in spite of the higher 
FFV and lower glass transition temperature.  
At 30 °C 
At 80 °C 
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However, the volume fraction of PEG (Vf, PEG) has decreased as we increased the ratio of 
alkl sulfonate. In the comb polymer limit ionic conductivity of maximum to the10-5 S cm-1. Also 
the alkyl side chain attached to the polymer is electron donating in nature. That increased the 
basicity of the anion and hence decreased the extent of acid dissociation. The comb polymer 
chain flexibility can decreased to some extent by the attached alkyl pendent group because of its 
rigidity. This may be considerably effects on the polymer segmental motion. According to Monte 
Carlo simulations on similar polymer electrolytes, Shriver and coworkers have shown that the 
anions bound to the polymer create potential wells that trap the cations and at low ion density 
creating strong and more isolated coulomb traps. This leads to decreases in the overall ionic 
conductivity of the polymer electrolyte.76 
 According to the free volume theory, higher the fractional free volume (FFV) 
increases the frequency of polymer molecules rearrangement and hence they show low glass 
transition temperature value. Table 3.2 tabulated the calculated FFV and experimentally measure 
Tg values for the series of comb polymers. 
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Table 3.2: Fractional Free Volume (FFV) and Volume fraction of PEG (Vf, PEG) of comb  
                  polymers. 
 
Species Density 
 (g mL-1) 
MW  
(g mol-1) 
MV  
(mL mol-1) 
Vw FFV V f, PEG
MePEG7OH 1.10 350 318 210 0.339 1.00 
MePEG7SO3H 1.21 414 342 229 0.330 0.97 
PMHS (CH3(H)SiO)n (n=30) 1.05 1950 1857 1138 0.387 0.00 
PMHS-(PEG)100% (SO3H)0% 1.21 13,655 11285 7813 0.308 0.85 
PMHS-(PEG)95% (SO3H)5% 1.20 13,280 11067 7597 0.313 0.83 
PMHS-(PEG)90% (SO3H)10% 1.18 12,936 10963 7381 0.326 0.81 
PMHS-(PEG)85% (SO3H)15% 1.15 12,577 10936 7165 0.345 0.79 
PMHS-(PEG)80% (SO3H)20% 1.13 12,217 10811 6949 0.357 0.76 
PMHS-(PEG)75% (SO3H)25% 1.11 11,857 10682 6733 0.370 0.74 
 
 In order to quantitatively explore the extent of ion dissociation, in comb 
polyelectrolytes we will use a Walden plot. The Walden's rule proposed by the scientist Angell, 
models the relationship between the conductivity and viscosity in ionic liquids, and can be used 
to organize and classify ionic liquids. This gives a relationship between ionic mobility (Molar 
equivalent conductivity) and the fluidity (η-1) of the medium in which the ions migrate.7, 8, 61 
Ληα  =  Constant      (Fractional Walden rule)  (3.6) 
 In the fractional walden rule (eq 3.6), α is a constant and it is the slope of the line in 
the Walden plot (Plot of the log of molar equivalent conductivity versus the log of fluidity) and it 
reflects the decoupling of ions.  
The constant α vary between zero and one, 1 indicates the ideal behavior of the solution 
(viscosity is the only force impeding the ionic movements). Also α can be interpret as the ratio 
between activation energy for conductance and viscous flow. Dilute aqueous solutions of KCl 
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(0.010 M) are an example of an ideal electrolyte with α = 1 (the slope of unity). The data points 
on or above the ideal Walden line are for good ionic liquids and data points below the ideal 
Walden line for the poor ionic liquid. 
 Figure 3.6 shows the relationship of log molar equivalent conductivity of the comb 
polysiloxane polyelectrolyte with their fluidity. This graph shows three comb polymer acids with 
different ratios of the two side chains on the top of the graph and comb polymer acid containing 
100% PEG oligoether side chain dissolved in 0.26 M MePEG7SO3H acid far below the diagonal 
line. 
All the comb polymers conductivity data are below the ideal Walden line suggesting that 
acid groups on polymer electrolytes are not fully dissociated. The viscosity of the medium is not 
the only factor that impeding the ionic mobility and some other factors like ion-ion pairing 
affects on the ionic conductivity. However, the ionic conductivity data of the comb polymer 
acids containing the sulfonic acid group are closer to the region of good ionic liquids, which is 
no ion-ion interactions present and acid dissociation closer to 100%, compared with the comb 
polymer dissolved in MePEG7SO3H acid. Also the conductivity data are closer to the ideal 
Walden region with increasing the sulfonic acid ratio. 
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Figure 3.9: Walden plot of comb polymers changing the molar percentage between oligoether  
                     and alkyl sulfonic acid side chains (■) PMHS-(PEG)75% (SO3H)25%, (●) PMHS- 
                     (PEG)85% (SO3H)15%, (▲) PMHS-(PEG)95% (SO3H)5%, (■) (PEG)100% (SO3H)0% at  
                     1.32 MePEG7SO3H acid concentration and (□)  (PEG)100% (SO3H)0% at 0.26 M    
                     MePEG7SO3H acid concentration. 
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3.3. Conclusions 
Comb shape polyelectrolyte was synthesized that consist of polymethylhydrosiloxane 
(PMHS) backbone with oligoether and alkyl sulfonic acid terminated alkyl group. The two side 
pendant groups were attached to the PMHS backbone by hydrosilation reaction. The oligoether 
group provides the cation coordination sites, and the covalently bound sulfonic acid groups 
generated charge carriers by self dissociation.  
According to the measured anhydrous ionic conductivities of the pure comb polymer 
acids, H+ ionic conductivity has increased with increasing molar percentage of sulfonic acid on 
the polymer as we expected. Arrhenius activation plots showed that higher H+ ionic conductivity 
in PMHS-(PEG)75% (SO3H)25% polymer (1.71 x 10-5 S cm-1 ) compared to the PMHS-(PEG)95% 
(SO3H)5% polymer (3.85 x 10-6 S cm-1) at 80 °C. According to the Arrhenius activation plots 
ionic conductivities has temperature dependent activation barriers indicating that σ is coupled 
with the segmental motion of ethylene oxide units. In VTF plots we observed linear relationship 
of the ionic conductivity data for all comb polymers and they are likely depend on the glass 
transition temperature. The Arrhenius parameter “A” gives good agreement with our assumption, 
that with increasing the sulfonic acid content, it has increased the charge carrier concentration 
and the ionic conductivity.  
Volume fraction of PEG (Vf, PEG) has decreased with the increasing sulfonic acid 
terminated alkyl side chain in these comb polyelectroltes, however, according to the calculated 
fractional free volumes, FFV has increased with increasing the molar percentage of alkyl sulfoni 
acids. Forsythe plots of ionic conductivity with fractional free volume shows a correlation of 
ionic conductivity with the fractional free volumes and it shows inverse relationship between 
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ionic conductivity and the Vf, PEG. Glass transition temperatures (Tg) have followed the same 
trend with FFV, increasing the Tg with the molar % of sulfonic acid content. This is likely by 
stiffening of the polymer matrix by inter-molecular H+ bond formation with the increasing 
concentration of the H+ charge carriers. 
The Walden plot demonstrates the relationship of ionic mobility in terms of molar 
equivalent ionic conductvity with fluidity of the polymer electrolyte. All the data falls below the 
ideal Walden line and most of them are in the region of 10% - 1% dissociation. That implies 
cation and anions are not fully dissociated and they likely to be as pairs in this polymer 
electrolyte. Increasing the polymer side chain flexibility and decreasing the terminal anion 
basicity may further increase the ionic conductivity. Also the number of ion coordination sites is 
the important factor in the ion transport through the ethylene oxide groups. 
According to all experimentally measured and calculated results of these comb 
polyelectrolytes have observed that the ionic conductivity has depends on the molar % of 
sulfonic acid as we assumed and we could increased σ by two orders of magnitude by attaching 
the acid group at the side chain end. However, Walden plot studies showed incomplete 
dissociation and ion pair formation are still favor in these polyelectrolytes. 
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CHAPTER 4 
GLASS TRANSITION TEMPERATURE AND FREE VOLUME STUDIES ON THE 
ANHYDROUS PROTON CONDUCTIVITYOF PURE  
     MePEGn POLYMERS AND THEIR BULKY COPOLYMERS 
This chapter describes synthesis and characterization of H+ ion conducting Poly Ethylene 
Glycol polymers (MePEGnSiO1.5; n= 3, 7.24, 11.8, 16.3) and their copolymers containing bulky 
groups (isobutyltrimethoxy siloxane -iBuSi and diphenyldimethoxy siloxane-Ph2Si) in order to 
study the effects of added bulky groups on the observed physical properties (Tg, FFV and Vf, PEG) 
and the transport properties (ionic conductivity) of the polymers. In this chapter, we study the 
effect of fractional free volume and glass transition temperature on the ionic conductivity. We 
added bulky groups to our MePEGn polymer and copolymerized with them to increase the free 
volume of the polymer. We have experimentally measured H+ ionic conductivity and glass 
transition temperature (Tg). Tg is an experimental measurement of the free volume present in 
MePEGn polymers and their copolymers 
4.1. Introduction 
 Polyethylene glycol polymers (PEG) conduct small cations in the absence of water 
and have the chemical stability needed for fuel cell applications. However, the attachment of 
PEG to silica, a crystalline inorganic material, yields a hybrid organic/inorganic material 
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combining the mechanical properties and chemical stability of the silica inorganic material with 
the high conductivity of PEG.7, 50  
The observed volumes of liquids are not 100% occupied by atoms, because of their 
molecular motion. The free volume of a material is the volume present in the bulk material that is 
not directly occupied by the polymer molecules75.  The structure and the dynamics of the 
polymeric material are closely related to the local free volume which exists between molecules in 
these macromolecules due to irregular packing, density fluctuations and topological 
constraints.39, 75 Many physical properties, such as viscoelesticity and conductivity, are related to 
the atomic-scale free volume.77 
The ionic conductivity is a product of the charge carrier concentration and the charge 
carrier mobility, which in rubbery polymers is strongly associated with the mobility of the 
polymer chains. According to the free volume theory, ion transport can be described by the 
redistribution of the local free volume, which appears due to the structural disorder in amorphous 
material, and has a dynamic character at temperature above the glass transition temperature75. 
Computer simulations of amorphous polymers have shown that the unoccupied, empty 
volume is a single space which is constituted by a large number of multi-interconnected 
subnanometer size free volumes.77 These local free volumes are of irregular shapes and different 
size. Only the free volume holes are large enough for charge carrier ions to pass through is the 
effective free volume and contribute to the ionic conductivity. The formation of the nano-free 
volume holes depends upon the overall magnitude of the free volume. Large free volumes 
facilitates the Brownian motion of the polymer chain with a subsequent redistribution of free 
volume by the rate of segmental motion.39, 42, 78 
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 Positron annihilation lifetime and conductivity measurements were used by Wang et al. 
to show the relationship between the free volume and ionic conductivity of polyether urethane-
LiClO4 complexes at temperatures above the glass transition temperature of the polymer.77, 78 
Their temperature dependency of ionic conductivity obeyed the Vogel-Tammann-Fulcher and 
William-Landel-Ferry equations, implying a free volume transport mechanism.77, 78  
Swager and coworkers have shown that the free volume of a polymer can be increased by 
the copolymerization of a polymer with bulky comonomers. Swager used triptycene and t-butyl 
derivatives to alter the free volume in the polymer and they found that the overall free volume of 
the polymer was increased. Free volume is an important property of the polymer electrolytes, 
because all the transport properties of the polymer depend on the free volume.79 
 Glass Transition Temperature (Tg) is a measurement of FFV available in the polymer. 
The lower the Tg, the greater the free volume available in the polymer. Tg in PEG polymers 
describe the freedom of the ethylene oxide units to participate in segmental motions, which we 
believe to be responsible the anhydrous H+ transport. The lower the Tg of the polymer, the 
greater the freedom of the ethylene oxide segments to reorganize. 
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4.2. Results and Discussion 
I synthesized the series of MePEGn polymers [MePEGn(CH2)3SiO1.5]x of different chain 
lengths (n = 3, 7.24, 11.8, 16.3) and their copolymers with the bulky comonomers: 
isobutyltrimethoxysiloxane (iBuSi(OMe)3; “iBuSi”) and diphenyldimethoxysiloxane 
(Ph2Si(OMe)2; “Ph2Si”). Our current research is to investigate and understand the effects of 
physical properties (fractional free volume, volume fraction of PEG) and the thermal properties 
(glass transition temperature) of the pure MePEGn polymers and copolymers on the ionic 
conductivity.  
In this research we hypothesized that adding bulky comonomers to the pure MePEGn 
polymers will increase the free volume and decrease the glass transition temperature. As the Tg 
decreases, this will increase the frequency of the segmental motions, resulting in higher ionic 
conductivity of the copolymers compared with pure polymers. 
Fractional Free Volume (FFV) 
  The Free Volume (FV) of a polymer is the volume present in the bulk material that is 
not directly occupied by the polymer molecules. Free volume can be calculated using the 
observed molar volume (MV) and the calculated van der Waals volume (Vw) of the polymer 
molecules. The free volume (FV) and the fractional free volume (FFV) are calculated using 
following equations (4.1 – 4.3). Free volume is a scalar, but FFV is independent of the sample 
size, and effectively represents the concentration of FV in the polymer. 
  -  wFV MV V=       (4.1) 
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/
/
MW g mol mL
MV
density g mL mol
= = =     (4.2) 
The Molar volume is the measured volume of one mole of the polymer and is calculated 
using the measured density (d) and molecular weight (MW) of the polymer molecule.  
The van der Waals volume (Vw) was calculated using the Bondi group contribution 
method, which sums the contributions to volume from each functional group. The fractional free 
volume (FFV) is calculated by ratioing the free volume (FV) by the molar volume (MV) of the 
polymer and represents the concentration of FV in the polymer.  
 -  wMV VFVFFV
MV MV
= =      (4.3)  
 According to the Cohen and Turnbull free volume theory, a molecule is not required to 
overcome an activation energy barrier in order to jump in to the free volume hole by translational 
motion. The motion of the polymer molecule can only occur when the local free volume hole is 
greater than a certain critical value. The local free volume holes result from the redistribution of 
free volume in the polymer molecules. The frequency that polymer molecules rearrange during 
segmental motions increases with an increase of FFV. According to the free volume theory, 
transport properties of the polymer electrolytes such as viscosity, diffusion coefficient and ionic 
conductivity are all dependent on the FFV.  
Volume Fraction of PEG (Vf, PEG) 
The volume fraction of PEG (Vf, PEG) is the volume of the copolymer that is occupied by 
PEG ether units (i.e.,–CH2CH2O–) and is calculated as the ratio of van der Waals volume 
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occupied by the MePEGn component of the polymer (Vw, PEG), and the van der Waals volume of 
the whole molecule (Vw)  (Eq.(4.4).  
, 
, 
w PEG
f PEG
w
V
V
V
=       (4.4) 
We have found that the Vf, PEG is important parameter in predicting the H+ ion mobility 
through segmental motion in our MePEGn polymers7, 8. The calculated Volume Fraction of PEG 
(Vf, PEG) in our polymers and copolymers are tabulated in table 4.1. As expected, the Vf, PEG has 
decreased in all the copolymers compared to the pure MePEGn polymers due to the dilution of 
the PEG by the added non-PEG bulky groups. That is, by adding the bulky groups to increase the 
free volume, those bulky groups necessarily dilute the volume occupied by the ionically 
conductive PEG portion of the polymer.  
 In this research we hypothesized that adding bulky comonomers to the pure MePEGn 
polymers will increase the free volume and decrease the glass transition temperature. As the Tg 
decreases, this will increasing the frequency of the segmental motion results higher ionic 
conductivity of the copolymers compared with pure polymers.  
To measure this, I prepared a series of copolymers changing molar ratio of 
isobutyltrimethoxy siloxane (iBuSi) and diphenyldimethoxy siloxane (Ph2Si) mixed with 
MePEGn monomers with different chain lengths. Table 4.1 tabulated the fractional free volume 
and volume fraction of PEG data of the pure polymers and copolymers of MePEGn. 
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Table 4.1: Fractional free volume and volume fraction of PEG for MePEGn polymers and  
                    copolymers. 
 
 
 
Polymer / Copolymer 
 
 
Mw 
 
 
Density 
 
 
Molar 
volume 
(MV) 
 
van der 
Waals 
Volume 
(Vw)  
 
 
Vf,PEG 
 
 
FFV 
(g mol-1) (g mL-1) (mL mol-1) (mL mol-1) 
MePEG3OH 164.0 1.11 147.7 99.6 1.00 0.326 
MePEG7OH 350.0 1.12 312.5 208.6 1.00 0.332 
MePEG12OH 550.0 1.13 486.7 328.0 1.00 0.326 
MePEG16OH 750.0 1.14 657.8 444.8 1.00 0.324 
MePEG7SO3H 414.0 1.21 342.1 228.9 0.91 0.331 
MePEG3 Polymer 257.0 1.17 218.9 152.6 0.65 0.303 
MePEG3/50% iBuSi 312.0 1.16 269.0 187.2 0.53 0.304 
MePEG3/50% Ph2Si 360.4 1.22 295.4 210.8 0.47 0.286 
MePEG7 polymer 443.0 1.14 387.2 259.7 0.71 0.329 
MePEG7/50% iBuSi 498.2 1.17 425.8 297.3 0.70 0.302 
MePEG7/50% Ph2Si 546.6 1.19 459.3 320.9 0.65 0.301 
MePEG12 polymer 643.0 1.16 553.3 376.0 0.81 0.321 
MePEG12/50% iBuSi 698.8 1.12 623.9 415.6 0.79 0.333 
MePEG12/50% Ph2Si 747.2 1.23 607.5 439.3 0.75 0.276 
MePEG16 polymer 843.0 1.15 729.8 492.7 0.85 0.325 
MePEG16 /50% iBuSi 896.8 1.14 786.7 532.4 0.83 0.323 
MePEG16/50% Ph2Si 945.2 1.27 744.2 556.1 0.80 0.253 
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Glass transition temperature (Tg) and Ionic conductivity (σ) 
The glass transition temperature (Tg) is the temperature at which the polymer transition 
from hard, glassy material to a soft, rubbery material. The glass-transition temperature Tg of a 
material characterizes the range of temperatures over which this glass transition occurs. It is 
always lower than the melting temperature, Tm, of the crystalline state of the material, if one 
exists.75 Differential scanning colorimetry (DSC) measures the glass transition temperature (Tg) 
of the samples. The glass transition marks the phase change from the hard glassy phase into a 
flexible and soft rubbery amorphous polymer. The glass transition temperature is related to the 
rate of segmental motions of the polymer and provides information which affects the physical 
properties of the electrolyte system. Since, the glass transition temperature (Tg) can describe the 
freedom of ethylene oxide units to participate in segmental motion, the polymers having lower 
glass transition temperature should have higher ionic conductivities.75, 80  
We expected that Tg is higher in the MePEGn Polymer compared with bulky copolymer. 
The greater the frequency of polymer molecules rearrangement and concequently lower glass 
transition temperatures. I measured lower glass transition temperatures, in bulky copolymers 
compared pure MePEGn polymers as expected. 
 Here, we seek to compare the ionic conductivity of MePEGn (n=3,7,12) polymers and 
copolymers. The AC-impedence conductivity mesurements were performed on anhydrous 
samples of  polymer electrolyte mixtures. The MePEG7SO3H acid was mixed with the polymer 
samples in order to prepare the polymer electrolyte mixture. Polymers fims were dried under 
vacuum at 50 °C in a jacketed vacuum cell until  reaching a steady anhydrous ionic conductivity. 
The H+ ionic conductivity was measured in two different concentrations of MePEG7SO3H acid 
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of higher concentration (1.32 M) and low concentration (0.26 M). Figure 4.1-4.6 show the 
Arrhenius activation plots of MePEGn polymers and copolymers at 1.32 M and 0.26 M 
MePEG7SO3H acid concentrations.  
 
 
Figure 4.1: Arrhenius activation plot of ionic conductivity of MePEG3 polymer  
                          dissolved in MePEG7SO3H acid. (●) – 1.32 M and (○) – 0.26 M MePEG7SO3H  
                          acid.  
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Figure 4.2: Arrhenius activation plot of ionic conductivity of MePEG7 polymer  
                          dissolved in MePEG7SO3H acid. (●) – 1.32 M and (○) – 0.26 M MePEG7SO3H  
                          acid.  
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Figure 4.3: Arrhenius activation plot of ionic conductivity of MePEG12 polymer  
                          dissolved in MePEG7SO3H acid. (●) – 1.32 M and (○) – 0.26 M MePEG7SO3H  
                         acid.  
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Figure 4.4: Arrhenius activation plot of ionic conductivity of MePEG3 polymer and their  
                       copolymers dissolved in 0.26 M MePEG7SO3H acid. (●)- MePEG3 polymer, (▲)- 
                       MePEG3/iBuSi, (■)- MePEG3/Ph2Si.  
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Figure 4.5: Arrhenius activation plot of ionic conductivity of MePEG7 polymer and their  
                       copolymers dissolved in 0.26 M MePEG7SO3H acid. (●)- MePEG7 polymer and     
                       (■)- MePEG7/Ph2Si.   
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Figure 4.6: Arrhenius activation plot of ionic conductivity of MePEG12 polymer and their  
                      copolymers dissolved in 0.26 M MePEG7SO3H acid. (▲) - MePEG12 polymer, (●)       
                   - MePEG12/iBuSi, (■) - MePEG12/Ph2Si.   
 
 
 
 
 
 
 
 
89 
 
The H+ ionic conductivity is higher in high acid concentration (1.32 M) of MePEG7SO3H 
acid than in 0.26 M low acid concentration, due to the higher concentration of charge carriers. 
However, the ionic conductivity in the copolymers are significantly lower compared to the ionic 
conductivity of MePEGn polymers. The Arrhenius activation barriers were taken from the linear 
regression of the Activation Plot. The calculated temperature dependency of activation energy Ea 
for both polymers and copolymers are tabulated in table 4.2.  
According to the calculated and experimentally measured FFV and ionic conductivity 
results for copolymers,  although the  bulky groups attached with MePEGn polymers to increase 
fractional free volume, there may be another transport property of the polymer is more 
responsible for the anhydrous H+ ion transport over the FFV. In our MePEGn polymers H+ 
transport through the Grotthus mechanism and hence, ionic conductivity is strongly depends on 
the volume fraction of PEG (Vf, PEG). However, adding bulky groups lower Vf, PEG and it may be 
caused to decreased in ionic conductivity in copolymers compared with MePEGn pure polymers. 
Another explanation is, the large bulky groups at the end of the polymer chain may sterically 
hinder the segmental motion of ethylene oxide units and hence the frequency of polymer 
molecule rearrangement. 
Figures 4.7 and 4.8 are Forsythe plots correlating ionic conductivity with volume fraction 
of PEG and with the fractional free volume for all the copolymers at 50 °C. 
2 2
,
exp
f PEG
ACF Z
RT V
γ
σ
   −
=   
    
 Forsythe eq.  (4.5a) 
2 2
exp
ACF Z
RT FFV
γ
σ
  − 
=      
 Forsythe eq.  (4.5b) 
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 According to the linear fits of log σ verses 1/Vf, PEG shows a correlation to some extent 
compared with the Forsythe plot between log σ and 1/FFV for all the copolymers at 50 °C. 
 
Figure 4.7: Forsythe plot with volume fraction of PEG for all MePEGn copolymers with best fit   
                    linear line shown. y = 0.15359x – 3.70241, R2 = 0.3169, p-value = 0.54056. 
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Figure 4.8: Forsythe plot with fractional free volume for all MePEGn copolymers with best fit   
                     linear line shown. y = -0.03595x + 0.52843, R2 = 0.6061, p-value = 0.06811. 
 
Our Arrhenius activation plots often show a temperature dependency that is seen as 
curvature for the polymer samples. These non linear behavior reflects that all the polymers can 
be fit with the Vogel-Tamman-Fulcher(VTF) theory indicating temperature dependant activation 
barriers, which also fit with free volume model. According to the VTF theory ionic conductivity 
can be expressed as below, 
 ( )
-1/2
0
-
exp
-
B
AT
T T
σ
 
=  
  
    (4.5) 
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 This VTF equation couples ion transport in polymers with segmental motion of the 
polymer molecules. Here, A is a constant related to the number of charge carriers present in the 
polymer electrolyte, the constant B is called pseudoactivation energy which is related to the 
polymer segmental mobility and T0 is ideal glass transition temperature and is generally taken as 
50 K below the conventional glass transition temperature (Tg) Eq.4.6. The ideal glass transition 
temperature (T0) can be defined as the temperature at which free volume of the polymer 
disappears and configurational entropy of the polymer molecule goes to zero. 
0  -  50 gT T K=      (4.6) 
Ionic conductivity data of the all the polymers and copolymers were plot as Log σT1/2 vs 
1/(T-T0) and they fit with straight lines giving reasonable results for R2 and for VTF parameters. 
VTF parameters are tabulated in the table 4.2. 
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Figure 4.9: VTF plot of ionic conductivity of MePEG3 polymer and their  
                            copolymers dissolved in 0.26 M MePEG7SO3H acid. (▲) - MePEG3 polymer,   
                           (■) - MePEG3/iBuSi, (●) - MePEG3/Ph2Si.   
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Figure 4.10: VTF plot of ionic conductivity of MePEG7 polymer and their  
                            copolymers dissolved in 0.26 M MePEG7SO3H acid. (●) - MePEG7 polymer,   
                           (■) - MePEG7/iBuSi, (▲) - MePEG7/Ph2Si.   
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Figure 4.11: VTF plot of ionic conductivity of MePEG12 polymer and their copolymers  
                        dissolved in 0.26 M MePEG7SO3H acid. (●) - MePEG12 polymer, (■) -  
                       MePEG12/iBuSi, (▲) - MePEG12/Ph2Si.   
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Table 4.2: VTF parameters of  MePEGn polymers  and copolymers  dissolved in 0.26 M and  
                  1.32 M  MePEG7SO3H acid. 
 
 
Polymer / Copolymer 
 
Tg (K) Ea ( KJ  mol-1) 
VTF Parameters 
0.26 M 1.32 M 
A B (K) A B (K) 
MePEG3 Polymer 251 21 -2.16 192 -1.90 149 
MePEG3/iBuSi 237 30 -1.86 246 -2.75 145 
MePEG3/Ph2Si 233 18 -1.77 273 -3.20 170 
MePEG7 Polymer 246 14 -3.32 114 -3.41 081 
MePEG7/iBuSi 228 14 -3.44 157 -3.57 132 
MePEG7/Ph2Si 215 16 -3.30 193 -3.44 162 
MePEG12 Polymer 267 13 -3.65 108 -3.65 069 
MePEG12/iBuSi 221 20 -3.44 229 -3.49 161 
MePEG12/Ph2Si 240 18 -3.70 155 -3.91 130 
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Figure 4.12: Arrhenius activation plot of the ionic conductivity of MePEG7 polymer and  
                         MePEG7/Ph2Si copolymers at 1.32M MePEG7SO3H acid. (■) - MePEG7    
                         polymer, (▲) - MePEG7/ 10%Ph2Si, (●) - MePEG7/ 30% Ph2Si, (♦) - MePEG7/  
                        50% Ph2Si. 
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Figure 4.13: Arrhenius activation plot of the ionic conductivity of MePEG7 polymer and  
                         MePEG7/iBuSi copolymers at 1.32 M MePEG7SO3H acid. (■) - MePEG7  
                        polymer, (▲) - MePEG7 / 10% iBuSi, (♦) - MePEG7 / 30% iBuSi, (●) - MePEG7 /  
                        50% iBuSi. 
  
In the VTF equation, “A” is a constant and it is a function of the concentration of charge 
carriers present in the polymer matrix. The term B (pseudoactivation energy) relates with the 
Arrhenius activation energy and hence B is also a function of the glass transition temperature. 
According to the VTF parameters of both pure and copolymers “A” value is higher in high acid 
concentration (1.32 M). As can be seen by VTF equation, the pseudoactivation energy B is 
inversely proportional to the ionic conductivity. The MePEGn copolymers having lower ionic 
99 
 
conductivity have significantly higher B values (larger Ea) compared with MePEGn pure 
polymers with comparably large ionic conductivity.  
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Figure 4.14: The plot of glass transition temperature (Tg) versus the added mole  
                         percentage of Ph2Si bulky monomer 
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Figure 4.15: The plot of glass transition temperature (Tg) versus the added mole  
                         percentage of iBusi bulky monomer 
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4.4. Conclusions 
The series of MePEGn polymers (n = 3, 7.24, 11.8, 16.3) and their copolymers were 
synthesized according to the sol-gel method. Isobutyltrimethoxy siloxane (iBuSi) and 
diphenyldimethoxy siloxane (Ph2Si) bulky monomers were added changing the molar ratio 
between MePEGn monomers and bulky groups followed by polycondensation. The effect of 
added bulky groups on the free volume, glass transition temperature and on the ionic 
conductivity has been investigated in these block copolymers. The objective of the investigation 
was to increase free volume in the polymer matrix and hence increased polymer segmental 
rearrangement, which leads to high ionic conductance.  
Our results indicate that added bulky groups have increased free volume of the 
copolymers when compared with the pure MePEGn polymers as we expected. Also glass 
transition measurements on the anhydrous samples using differential scaning colorimetry showed 
that inverse relationship with the free volume change in the copolymers. According to the free 
volume theory, glass transition temperature decreased with increasing the free volume in the 
polymer molecules. However, there was no relationship between free volume and the ionic 
conductivity. There was a strong correlation of ionic conductivity with volume fraction of PEG 
in these block copolymers. This indicate that the H+ ion conductivity in the MePEGn polymer 
primarily by the segmental motion of the ethylene oxide units (Grotthus mechanism) and hence 
free volume and the glass transition temperature plays insignificant role on the ionic conductivity 
and it is more a function of Vf, PEG. 
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CHAPTER 5 
ACID DISSOCIATION CONSTANT OF MePEGnSO3H ACIDS (n = 3, 7, 12, 16) IN 
POLYETHYLENE GLYCOL (PEGn) POLYMERS 
The acid dissociation constants of MePEGnSO3H acids (n= 3, 7, 12, 16) were determined 
by the pH titration of the acid dissolved in the binary solvent mixture with the strong base, 
TBAOH. The hypothesis of the investigation was MePEGnSO3H acids are strong acids in 
aqueous medium and they show weak acid behavior by incomplete dissociation in the MePEGn 
polymers.  
5.1. Introduction 
 Hydrogen ion conducting polymer electrolyte membranes require an acid to act as 
an initial H+ ion source. In many cases, this acid is covalently attached to the polymer 
(carboxylic, sulfonic etc.), or alternatively an acid molecule can be dissolved in the polymer. 
To obtain high ionic conductivity, the acid should be strongly dissociated in the polymer 
matrix generating a high concentration of the H+ charge carriers with minimal ion pair 
formation. In our PEGn polymers, we frequently use MePEGnSO3H acid dissolved in the 
polymer as the H+ source.  
 Thus it is important to measure the pKa of the acid. The acid dissociation constant 
of any acid in the aqueous system can be represented by the equilibrium as shown, 
HA + H ⇌ 

 + 

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 Where, HA is a generic acid that dissociates into A−, (the conjugate base of the 
acid) and a hydrogen ion (H+) which combines with a water molecule to make a hydronium 
ion (H3O+). The dissociation constant, Ka, is usually written as a quotient of the equilibrium 
concentrations (in mol/L),   
3[ ][ ]
[ ]a
A H O
K
HA
− +
=       (5.1) 
 More often the Ka of the acid is expressed by using the pKa. The larger the value of 
pKa, the smaller the extent of acid dissociation. A weak acid has a pKa value in the 
approximate range of 3 to 12 in water. Acids with a pKa value of less than 3 are said to be 
strong acids. Strong acids dissociate completely in the aqueous solutions while weak acids 
only partially dissociate. 64, 65, 66 
loga apK K= −        (5.2) 
 In this chapter, I have investigated the pKa of our MePEGnSO3H acids (n = 3, 7, 12, 
16) in PEG solvent (PEGOH). This method involves the measurement of pKa values of 
acids by changing the mole fractions of a binary solvent mixture of PEGOH and deionized 
water. The measured pKa values are then plotted against the mole fractions of PEGOH and 
the data can be used to estimate the acid dissociation in the 100% PEGOH medium. 
Extrapolation of the data to a PEGOH mole fraction of 1 yields an estimated pKa in PEG 
medium.  
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5.2. Results and Discussion 
 The objective of this research was to investigate the acid dissociation of our 
MePEGnSO3H acids (n = 3, 7, 12, 16) in the PEGn polymers. According to our previous 
studies, we have shown that MePEGnSO3H acid dissolved in MePEGn polymer, the 
maximum ionic conductivity observed is 10-5 - 10-4 S cm-1 in range. The Walden plot studies 
have shown that the MePEGn/MePEGnSO3H polymer electrolyte’s ionic conductivity data 
are far below the ideal Walden line indicating incomplete dissociation and ion-ion 
interactions. In this research, the acid dissociation constant of MePEGnSO3H acids were 
measured in binary solvent mixture in order to determine the strength of acid dissociation in 
the MePEGn polymers. 
 Viscosity Studies 
Viscosity (η) is the resistance to flow caused by sheer stress and is an important 
transport property in polymer electrolytes. Ionic conductivity strongly depends on viscosity. 
Therefore, viscosities of the MePEGnSO3H acids were measured to determine the 
relationship between viscosity and the ionic conductivity. Figure 5.1 shows the activation 
plot of viscosity of the four different MePEGnSO3H acids having different chain lengths (n 
= 3, 7, 12, 16).  
In these data, the larger acid (MePEG16SO3H) has more fluidity (less viscous) than 
the smaller acid (MePEG3bcSO3H). Viscosity of the MePEGnSO3H acids decreased with the 
number of PEG units, n, and their viscosities are comparatively lower than the MePEGn 
polymers.  
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Figure 5.1: Activation of fluidity of MePEGnSO3H acids, (■)- MePEG16SO3H, (■)-  
                    MePEG12SO3H, (■)- MePEG7SO3H, (■)- MePEG3SO3H 
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Figure 5.2: Plot of log fluidity versus number of PEG repeating units (n) of MePEGnSO3H 
                    acids at 50 °C. 
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Ionic Conductivity 
Ionic conductivity of the anhydrous MePEGnSO3H acids was measured using AC-
impedance spectroscopy and they show relatively high ionic conductivity compared with the 
MePEGn polymer / MePEGnSO3H polymer electrolyte solution. This is likely due to the 
higher concentration of H+ ions in the acids than the H+ concentration in the polymer. 
However the molar equivalent conductivity of the acids are similar to the polymer/ acid 
mixture, because it measures the mobility of the H+ ions independent of concentration. 
Figure 5.3-5.6 shows activation plots of ionic conductivity of the MePEGnSO3H acids. 
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Figure 5.3: Arrhenius activation plot of ionic conductivity of MePEG3SO3H 
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Figure 5.4: Arrhenius activation plot of ionic conductivity of MePEG7SO3H 
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Figure 5.5: Arrhenius activation plot of ionic conductivity of MePEG12SO3H 
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Figure 5.6: Arrhenius activation plot of ionic conductivity of MePEG16SO3H 
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Acid Dissociation Constant (Ka) 
The hypothesis of this investigation was the MePEGnSO3H acids act as strong acids 
in the aqueous medium and they dissociate weakly in the organic PEG polymers as it is a 
sulfonic acid.  We determined the acid dissociation constant of MePEGnSO3H acids in both 
aqueous medium and MePEGn polymers by titration with the strong base 
tetrabutylammonium hydroxide (TBA+OH-). 
MePEGnSO3H  +  TBA+OH-                      MePEGnSO3- TBA+  +  H2O   
MePEGnOH  was used as the model solvent for the MePEGn polymers, because it is 
a polar solvent similar to the polymer and is the starting materials of the MePEGn 
polymers. We applied the Henderson-Hasselbalch equation (eq:5.4) for the MePEGnSO3H 
acids dissociation in the PEGn medium. 
[ ]
-
loga
HA
pK pH
A
= +
  
     (5.4) 
The pH titration curves of all four MePEGnSO3H acids in pure deionized water have 
shown in the figures 5.7 - 5.10. Table 5.1 tabulated initial pH of the acids before titration 
and the pH at the equivalence points.  
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Figure 5.7: MePEG3SO3H/TBAOH Titration: pH titration curve of MePEG3SO3H acid in  
                     deionized water verses TBAOH base. Base concentration is 0.10 M and acid  
                     concentration is 0.01 M. Initial pH of the acid is 2.44. 
Initial pH = 
2.44 
pH at 
equivalence  
point = 7.61 
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Figure 5.8: MePEG7SO3H/TBAOH Titration: pH titration curve of MePEG7SO3H acid in  
                     deionized water verses TBAOH base. Base concentration is 0.10 M and acid  
                     concentration is 0.01 M. Initial pH of the acid is 2.50. 
 
 
 
Initial pH = 2.50 
pH at 
equivalence  
point = 7.33 
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Figure 5.9: MePEG12SO3H/TBAOH Titration: pH titration curve of MePEG12SO3H acid in  
                    deionized water verses TBAOH base. Base concentration is 0.10 M and acid  
                    concentration is 0.01 M. Initial pH of the acid is 1.88. 
 
Initial pH = 1.88 
pH at equivalence  
point = 6.83 
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Figure 5.10: MePEG16SO3H/TBAOH Titration: pH titration curve of MePEG16SO3H acid  
                        in deionized water verses TBAOH base. Base concentration is 0.10 M and  
                       acid concentration is 0.01 M. Initial pH of the acid is 1.93. 
 
 
 
 
 
 
 
 
 
pH at equivalence  
point = 6.70 
Initial pH = 1.93 
118 
 
Table 5.1: Initial pH of the MePEGnSO3H acids and the pH at the equivalence                  
                                point of the titration 
 
Acid Initial pH of the acid pH at the equivalence point 
MePEG3SO3H 2.44 7.61 
MePEG7SO3H 2.50 7.33 
MePEG12SO3H 1.88 6.83 
MePEG16SO3H 1.93 6.70 
 
The differences in the equivalence volumes were due to differing initial volumes and 
acid concentrations and base concentrations, a slight variation in either of these parameters 
will greatly affect the titration volume. The pH titration data confirm our assumption as the 
pH at the equivalence points were around 7, which is the case with the titration of other 
strong acids with strong bases.  
Table 5.2 tabulated the acid dissociation constants of MePEGnSO3H acids in 
deionized water (aqueous medium). The initial MePEGnSO3H acid concentration was 0.01 
M and titrated TBA+OH- concentration was 0.1 M. All four acids have pKa values below 3 
indicating that they act as strong acids in the aqueous medium.  
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Table 5.2: Average pKa and Ka values of the four different MePEGnSO3H acids in pure  
                  deionized water 
 
Acid pKa Ka 
MePEG3SO3H 2.88 1.29 x 10-3 
MePEG7SO3H 3.00 1.00 x 10-3 
MePEG12SO3H 1.78 1.73 x 10-2 
MePEG16SO3H 1.87 1.38 x 10-2 
 
Acid dissociation constant of the MePEGnSO3H acids in the PEG polymers were 
determined by the pH titration with strong base TBAOH in binary solvent mixture 
containing deionized water and PEGOH. PEGOH used as model solvent and titrations were 
performed changing the mole fraction of the PEGOH. Figure 5.11 – 5.12 show the titration 
curves of MePEGnSO3H acid with TBAOH. We hypothesized that MePEGnSO3H acids 
dissociate weakly in the PEG medium and we calculated pKa of the acids using Henderson-
Hasselbalch equation.  
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Figure 5.11: Titration curve of MePEG3SO3H/TBAOH Titration: pH titration curve  
                         MePEG3SO3H acid in binary solvent mixture verses TBAOH base. Base                          
                        concentration is 0.10 M and acid concentration is 0.01 M. 
 
 
 
 
(a) ΧPEGOH = 0.2 
(b) ΧPEGOH = 0.3 
(c) ΧPEGOH = 0.4 
(d) ΧPEGOH = 0.8 
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Figure 5.12: Titration curve of MePEG7SO3H/TBAOH Titration: pH titration curve  
                         MePEG7SO3H acid in binary solvent mixture verses TBAOH base. Base                          
                        concentration is 0.10 M and acid concentration is 0.01 M. 
 
 
(a) ΧPEGOH = 0.2 (c) ΧPEGOH = 0.3 
(d) ΧPEGOH = 0.4 
(b) ΧPEGOH = 0.8 
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Figure 5.13: Titration curve of MePEG12SO3H/TBAOH Titration: pH titration curve  
                         MePEG12SO3H acid in binary solvent mixture verses TBAOH base. Base                          
                        concentration is 0.10 M and acid concentration is 0.01 M. 
 
 
 
 
 
(a) ΧPEGOH = 0.2 (b) ΧPEGOH = 0.3 
(c)  ΧPEGOH = 0.4 (d) ΧPEGOH = 0.8 
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Figure 5.14: Titration curve of MePEG16SO3H/TBAOH Titration: pH titration curve  
                         MePEG16SO3H acid in binary solvent mixture verses TBAOH base. Base                          
                        concentration is 0.10 M and acid concentration is 0.01 M. 
 
 
 
 
 
(a) ΧPEGOH = 0.2 (b) ΧPEGOH = 0.3 
(d) ΧPEGOH = 0.4 
(c) ΧPEGOH = 0.8 
124 
 
 The measured pKa of the acids were plotted against the mole fraction of PEGnOH used 
in the titration.  By extrapolating the data to a PEGOH mole fraction of 1 yields an 
estimated pKa in PEG medium.  Figure 5.15 – 5.18 show the plots of pKa verses the mole 
fraction of PEGOH. 
  According to the observed results from the acid-base titration in the PEG medium, 
there is no relationship of the acid size with the acid dissociation constant. However, the 
extent of acid dissociation has decreased with increasing the PEG mole fraction in the 
binary solvent mixture. Table 5.2 tabulated the pKa and Ka values of four different 
MePEGnSO3H acids in the binary solvent mixture.  
 
Table 5.3: Average pKa and Ka values of the four different MePEGnSO3H acids in  
                               PEGOH/deionized water binary solvent mixture 
 
 
Acid 
Trial-1 Trial-2 
pKa Ka pKa Ka 
MePEG3SO3H 7.25 5.62x 10-8 6.66 2.18x 10-7 
MePEG7SO3H 4.26 5.49x 10-5 5.30 5.02x 10-6 
MePEG12SO3H 6.52 3.01x 10-7 5.22 6.02x 10-6 
MePEG16SO3H 4.82 1.51x 10-5 4.98 1.05x 10-5 
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 Figure 5.15: pKa of the MePEG3SO3H acid verses the mole fraction of PEGOH 
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Figure 5.16: pKa of the MePEG7SO3H acid verses the mole fraction of PEGOH 
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Figure 5.17: pKa of the MePEG12SO3H acid verses the mole fraction of PEGOH 
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Figure 5.18: pKa of the MePEG16SO3H acid verses the mole fraction of PEGOH 
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Figure 5.19: Error-bar graph of pKa of the MePEGnSO3H acids dissolved in pure deionized  
                        water as a function acid size (n =  
                       3, 7, 12, and 16). 
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Figure 5.20: Error-bar graph of pKa of the MePEG3SO3H acid as a function of mole  
                         fraction of PEGnOH. 
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Figure 5.21: Error-bar graph of Pka of the MePEG7SO3H acid as a function of mole  
                        fraction of PEGnOH. 
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Figure 5.22: Error-bar graph of Pka of the MePEG12SO3H acid as a function of mole  
                        fraction of PEGnOH. 
 
133 
 
 
Figure 5.23: Error-bar graph of pKa of the MePEG16SO3H acid as a function of mole  
                         fraction of PEGnOH. 
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5.4. Conclusions 
 Walden plot studies have shown that MePEGn/MePEGnSO3H polymer electrolyte 
conductivity data are far below the ideal Walden line and there are some other factors in 
addition to the viscosity impeding the ionic conductivity. Therefore it is important to study 
the acid dissociation constant of the electrolyte MePEGnSO3H in the aqueous medium and 
in the PEGn polymers. The acid dissociation constant of the acid was determined by the 
series of pH titrations of MePEGnSO3H acids dissolved in binary solvent mixture 
(PEGOH/deionized water) against the strong base TBAOH. 
 According to the pKa values determined for the MePEGnSO3H acids, they dissociate 
H+ ions in higher fraction in the aqueous medium as compared to being dissolved in the 
MePEGn polymers. Larger the acid then it belongs to lower pKa value in the aqueous 
medium and smaller the acid has higher pKa value. In this series of titrations, pKa of the 
acids increases with increasing mole fraction of the MePEGnOH, indicating that the acid 
dissociation is weaker in the PEG based polymers although the acid is a strong acid in the 
aqueous medium.  
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